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CHAPTER I 
I NTRODUCTION 
1-l. Prob l em De f i n i t i on .  
Tra f f i c  haza rd s  on o u r  h i ghways  a re dec reas i n g w i th t h e  onset o f  
new sa fety reg u l at i ons , l owe r s peed I i m i ts and h i ghway des i gn p roce-
. .  dures. Unfortunate l y, econom i cs p revent ·the i r  complete e l i m i nat i on .  
New roa dways  a re ma de s a f e r  w h i l e old roadways  a re p retty m u c h  i gnored . 
Obst ruct i ons s uch  a s  trees w h i ch rest r i ct a moto rist's v i ew can be re­
moved but i t  cqu l d  be a mon umenta l task to re l ocate oth e r  o b s t r uct i ons 
such a s  b u i I d i ngs , or to get t he p u b l i c  to ag ree to the  expense o f  
-l evel i ng h i  I l s  w h i ch I i e  too c l ose to c ross road s or  p r i vate d r i ves • 
. Shou l d  there be an ob st ruct i on such a s  a h i  I I close to a d r i vewa y , 
a dr i ve r o f  the ve h i cle leav i ng the d r i veway to ente r a ma i n  roa d  has  
-To gues s whether or  not the re i s  a veh i c l e  beh i n d i t . At n i g h t  a uto­
�mobi le head !  i ghts m i ght p rov i de the necessa ry wa rn i ng a s  t h ey a re o b-
served to s h i ne onto nea rb y  ove rhead I i nes  o r  t he top s  o f  nea rby  t rees . 
During the day the on l y  wa rn i ng wou l d  be the sound of  the  a p p roach i ng 
veh i c l e , w h i ch i n  some cases would be mu f f  l ed by  oth e r  sou nd s  o r  c l osed 
-�lndows. A system i s  needed that would detect the p re sence of a veh i cle 
behind such  obstacles and wa rn moto r i sts . The wa rn i ng dev i ce cou l d be 
p l aced along s i de the  roadway or fence I i ne ,  depend i ng on state and 
-federa I I aws , w i th an i rid i cater p I aced fo r ea sy  v i s  i b i  I i ty to moto r i sts . 
I ts de s i gn would have to comp l y  w i t h Fede ral laws  a n d  i ts o p e rat i on 
wou l d  req u i re the approp r i ate I i cense . I t  would be  des i ra b l e  to h o u se 
the system so i n  s uch a way as  to comp l y  w i th present day  eco l og i ca l  
tho ug ht. 
The system sho u l d  be l ocated i n  an  enc l os u re about t h e  s i ze o f  a 
sta n da rd rura l ma i I box so that i t  cou l d  be eas i l y  set u p  a l on gs i de a 
roa dway a n d  not be obtrus i ve .  F i g u re 1-1 i s  a p i cto r i a l  v i ew o f  the  
p ro b l em a n d  the  p roposed so l ut i on .  
F i g u re 1-2 s hows t he b l oc k  d i agram of a system t h at co u l d  be 
usede  Th i s  system p roces ses the dopp l er f req uency create d  by  m i xin g 
the t ra n s m i tted s i gna l w i th the s i gna l re flected from  a n  a p p roach i ng 
veh i c l e  a n d  then t u rn s  on  a warn i n g i n d i cator. · The i nd i cato r  i s  t u rned 
on i f  veh i c l e  ve l oc i ty i s  w i th i n  the ra nge from 30 m i l es pe r hour 
(mph) to 80 mp h. Veh i c l es excee d i ng 80 mp h wi I I be· detecte d b ut not 
as  soon a s  those veh i c l es w i th s peed s  between 30 mph a n d  80 mp h .  T h e  
reason for  t h i s  i s  t h a t  t h e  ra dar system detects on l y  t he ra dia l ve l ­
oc i ty between i tse l f  a nd the veh i c l e . As the rad a r  system i s  to The 
s i de of the path o f  the veh i c l e  the rad i a l  ve l oc i ty w i t  I vary from the 
s peed of  the veh i c l e , w hen it  i s  at a d i sta nce , to zero a s  i t  pas ses  
the  radar  set. Th i s  w i l I be exp l ained i n  more deta i 1  i n  a l ater c ha p­
ter .  
S ix secon d s  i s  s u f f i c i ent t i me for the ente r i ng veh i c l e  o f  F i gure · 
1-1 to e i t her ma ke a l eft h a n d  t u rn a n d  ente r the a ppropr i ate l an e  of  
the ma i n  roadway  or ma ke a r i ght hand  turn  a n d ga i n  some s peed. I f  �he 
a p p roach i ng veh i c l e  i s  trave l i n g  60 mph ( 5  mph over the s peed I i m i t )  
i t  w i t  I trave l 88 f eet per second.  Th i s  w i  I I requ i re t h at i t  be 
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F I G U R E  1-2 . B LOCK DIAGR AM OF DOP P LE� SWITCH. 
� 
detected abo ut 500 feet f rom the t ransmitter .  The d i stan ce b etween 
the t ra n smitter a n d  indicato r wil I p rovide a n  a dditional  ma rgin o f  
safety . 
Most ra d a r  sets  used for d etect i on operate in t he optica l range,  
where the signal wa ve l ength  is much sma l l er than  the o b j ect ' s width . 
The proposed system wi I I operate in t he Mie region , where t h e  sig n a l  
wavele ngth i s  a p p rox i mate l y eq ua l t o  t h e  ta rget' s width . This wi I I 
res u l t  in a somewhat weaker ref l ected signal t h a n  in �he o ptica l range, 
b ut for a ra n ge of 500 f eet the signa l received by t he receive r  wi I I 
have s ufficient power to b e detected . This is s hown in C h a pt er I I I. 
1-2. �ecif ication s .  
The a vera ge ca r is a p p roximately six feet w i de.  The  wavelength  
(A) for 500 mHz, is: 
A = C = 3 x 10
8 
F 5 x 108 meters = 06 meter  
' = - 6 meter x 3·28 f t . I 97 f t I\ meter = • ee · 
Th i s  can be considered a s  being in t he Mie region . oth e r  rea sons  f o r  
c hoos i ng a f requency o f  500 mHz a re a s  fo I I ows: 
- The sig n a l  a t  500 mHz wit I be virtua l ly f ree from a tten uation 
d ue to a tmos ph er i c  and  weather condition s .  Atmo s p heric a tten-
uat i on is a bout 0.006 d b/km ( I ) . 
- The wave l en gth  i s  lon g  with  respect to birds , therefo re t h ey 
wi l I reflect very sma l I po rtions cf the incident wave' s energy 
5 
a n d  wi I I have I itt l e , if a n y ,  ef f ect on the  sy stem .  
- The wave l ength ca n not be much l onger tha n the ta rget diameter o r  
too much power wi l I b e  l ost ( sca ttered ) ,  resu l ting in a ref l ected 
signa l wh i ch is too weak to detect . 
- A l ower f req uen cy wi l I req uire a n  a nten na too l a rge f o r  a n  en ­
c l osu re the  s i z e  o f  a sta n da rd rura l mai I box . 
The genera l specificatio n s  fo r the s yste� a re a s  f o l l ows: 
Range = 500 f eet. 
Vehic l e  Ve l ocity f o r  Detection = 30 mp h minimum , 80 m p h  maximum 
at  500 feet from the tra n smitter . 
Frequency =· 500 M Hz .  
Tra n sm i tter Power = G. I watt . 
6 
CHAPTER I I 
BASICS OF RADAR DESIGN 
2- 1 .  H i sto r1ca l Deve l opment of Radar . 
Rada r ,  an acronym for ra d i o detect i on and rang i ng ,  was  a do pted a s  
the of f i c i a l name for  the detect i on o f  objects b y  the ra d i at i on of e l ec­
tromagnet i c  waves .  The development of ra da r ca n be bro ken i nto s i x  
development sta ges, or d i scover i es: 
( I )  Rad i o  waves a re ref l ected b y  a brupt changes i n  d i electr i c  
constant,  permea b i  I i ty a nd conduct i v i ty .  
wave . 
(2) Rad i o  waves can b e  d i rected a l ong narrow beams . 
(3) D i stance can b e  determ i ned by  t i m i ng the  tra vel of a rad i o  
(4) Ref lected waves may be detected by  wa ve i nte rference patterns . 
(5) A pulsed ra da r can be  used to mea sure d i stance . 
(6) The comb i n i ng o f  the prev i ous f i ve stages i nto one un i t  C l ) .  
The f i rst electromagnet i c  wave detect i on of a n  object w a s  accom-
pl i shed by acc i dent . In 1930 , L. A. Hyland of the Nava l Res ea rch Lab­
oratory was work i ng w i th a d i rect i on-f i nd i ng dev i ce whe n  he  not i ced that 
-every t i me a n  aircraft f lew t h rough  the electromagnet i c  beam the  retu rn i ng 
s i gna l  i ntens i ty i ncreased . Th i s  d i scovery created a n  i ncrea sed i nte r­
�st in ra dar and i ts development began. 
The f i rst rada rs, cal led CW or cont i nuous wave radars beca u s e  they 
tra nsm i tted a cont i nuous o r  un i nterrupted wave of energ y , cou ld only 
prov i de the pos i t i on of an object i n  one d i mens i on .  A more useful rada r 
7 
system w i  I I prov i de an  object's pos i t i on i n  at least two o f  the  th ree 
d i mens i ons he i ght, a z i mut h and range . 
A p u lsed system wa s then deve l oped wh i ch t ransm i tted a s hort b u rst 
o f  energy and mea s ured the round tr i p  t i me to trave l to t h e  object a nd 
ref lect bac k to the  rece i ver.  Us i ng the mea s ured t i me and the  know l edge 
tha t t he s peed of  rad i ated e l ectromagnet i c  ene rgy i s  a p p rox i mately t he 
. speed o f  I i g ht , the  d i stance to the objec� i s: 
D i stance = Rate x T i me .  ( 2- 1 ) 
The pulse geometry i s  s hown i n F i g ure 2- 1 .  
By s cann i ng the  antenna i n  a ho r i zonta l p l ane the  a z i mu t h  o f  t he 
ta _rget i s  determ i ned . Az i muth i s  the ang ular d i stance t h e  a ntenna h a s  
. 
sca nned f rom a refe rence d i rect i on to the d i rect i on · the a n tenna i s  po i nt i ng 
The moment a p ulse re f lected f rom the object i s  rece i ve d . By scann i ng 
-the a ntenna i n  a ve rt i ca l  p l ane ,  the  he i ght  o f  the ta rget  can be  dete r-
1n i ned us i ng the d i stance to the  ta rget and the ang le between . the  an-
tenna's bore s i ght  a n d  a hor i zonta l ref erence . 
He i g ht = D i stance x s i n  8 (2-2 ) 
whe re 
e = Angle between the antenna's bo re s i gh t  and a 
hor i zonta l re ference . 
The f i rst ra dars were operated i n  the frequency  range f rom 20 MHz 
To 60 MHz. The Br i t i s h ,  though , developed a 1 2  M Hz rad a r  i n  1 935 w h i ch 
had a range of  40  m i l es .  By 1 939 , the Br i t i sh ,  i n  a f rant i c  e f fort to 
bu i Id u p t he i r  d e fenses beca use of  unrest i n  E urope, h a d  deve l oped  a 
200 MHz a i rborne ra da r system . Wh i le deve l op i ng t h i s  ra d a r system they 
d i scove red that as t he ra dar ' s f req uency was i ncrea sed i ts resolu t i on 
8 
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F IGURE 2- 1 .  PU LSE  GEOMETRY. 
imp roved . Reso l ut i on is the a b i l i ty to d i st i n g u i s h between two sepa-
rated objects and  i s  a f unct i on of  f requency and beamw i dth . Beamw i d th 
i s  the w i dth o f  the  ra d i at i on patte rn t ransm i tted f rom the  antenna a nd 
i s  a f unct i on of  wave I engt h a n d  antenna re f I ecto r geometry ( I ) . 
He re i n  I i es the  rea son for  m i crowave use . H i ghe r  f requenc i es p ro-
vide bette r reso l ut i on .  An a d d i t i ona l a dva ntage i s  that h i g her f re-
q uenc i es perm i t  the u se of sma l l er antennas and wavegu i de s. Beca u se 
m i crowave ra da r set s u se sma l l e r antenna s a g reate r  va r i ety o f  a nten na s  
can b e  used . The m i c rowa ve f requency band s  u sed b y  rad a r  systems today 
a re I i sted i n  Tab I e 2- 1 (I L 
2-2. The Dopp l e r  F requency Sh i ft .  
The dopp l er p henomenon was named a f ter the  A u st r i an mathemat i c i an 
and p hy s i c i st ,  C h r i st i an Dop p l e r ,  who f i rst p red i cted it. W h en e l ectro-
magnet i c  ene rgy i s  i nc i dent on an object i t  unde rgoes a f requency o r  
dopple r  sh i ft p ropo rt i ona l to the re l at i ve ve l oc i ty between t he object 
and the ene rgy sou rce . Th i s  dopp l e r f req uency s h i ft can be u sed f o r  
determ i n i ng t h e  ra d i a l ve l oc i ty o f  an  object mov i ng w i t h  respect t o  t he 
rada r t ransm i tter . 
The dopp I er f requency , when t he sou rce and t a rget a re recedJ ng i s : 
(2) ( 3 )  
where : 
f 
dopp l e r 
- V /c 
r 
/1 - ( V  /c > 2 
r 
f = s h i fted o r  dop p le r  f requency dopp l er 
f 
T = t ransm i tted f requency 
x 
( 2- 3 ) 
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T A B L E  2-1. M I C R OWA V E  F R EQU E N CY B A N O S . 
MI CROWA V E  F R E Q U E N CY F R EQUENCY 
B A ND 
UH F 300 - 1000 MHz 
L 1000 2000 M H z  
s 2000 - 4000 M H z  
c 4000 - 8000 M Hz 
x 8000 - ·12soo MH z 
Ku 1 2 . 5  - 18 G H z  
K 18 - 26 . 5 G H z  
Ka 26 . 5  - 40 G H z  
M i l l i m e t er 40 G H z  a n d a b o v e 
1 1  
. For V <<C 
V = ra d i al veloc i ty of  object w i th res pect to the 
r 
transm i tte r 
C = s peed o f  I i g ht 
f 
dopp e r  ( 2-4 ) 
It must be  remembe red that equat i on ( 2-4) g i ve s  the  f requency o f  the  
i nc i dent s i gnal a s  detected by  an object mov i ng w i th ra d i al veloc i ty V • 
r 
Th i s  i s  also the f requency of  the s i gnal re flected , tra nsm i tted  p a s s i vely , 
f rom the object. T h i s  s i gnal i s  then s h i fted i n  f re q ue ncy a second t i me 
when i t  i s  detected by the rece i ve r .  The rece i ved s i gna l  i s  m i xe d  w i th 
pa rt of  the tra nsm i tted s i gna l  and the d i f f e rence i n  f requency between 
the two s i gna l s  i s  p rocessed  to determ i ne the object' s ra d i al veloc i ty .  
The eq uat i on fo r the d i f f e rence between the rece i ved  a nd t ra n smitted 
s i gnals i s : 
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v cos e 
V = Veloc i ty o f  the object 
( 2-6 ) 
9 = Angle between the d i rect i on of the o b ject's mot i on 
a n d  t he d i rect i on to the tra nsm i tter .  
= Total cha nge i n  f req uency between t ra n sm i tted 
an d  rece i ved s i gna l s . 
I f  the direct i on co i nc i dent w i th the direct i on of the t ra ns m i tted s i gna l 
is a s s i gned pos i t i ve the n  the m i n u s  s i gn i n  eq uat i on (2-6 ) i n d i cates 
that F0 i s  negat i ve for reced i ng objects and pos i t i ve for a p p roach i ng 
objects. 
2-3 . Radar Des i gn . 
The beg i n n i ng  o f  a rad a r  des i g n beg i n s w i th the dete rm i nat i on o f  i ts 
spec i f i cat i on s . A good p lace to start i s  by exam i n i ng the  b a s i c  rad a r 
equation ( I )  





P A  2 a P = t e 
r ----
4n .:\ 2R4 
R = D i sta nce to object 
P
t 
= Tra ns m i tted power  i n  watts 
G w he re A
e 
= Effect i ve antenna a rea  · i n  s q ua re 
mete rs for a ha l f  wa ve d i po l e  . 
.:\ = Wa ve l ength  i n  mete rs 
= 3 (10)8 
F req uency 
a = Effect i ve a rea o f  the obj ect i n  s q ua re meters . 
p = Powe r  a mp l i tu d e  of s i gna l at  the rece i ve r . 
r 
= p 
m i n r 
= R 
max 
4 n A 
G = G G 
e :: = 
t .:x.2 r 

















S . = M i n i mum detecta b l e  s i gna l by the rece i ver i n  watts min 
P = Rece i ved  power i n  watts r 
(2-7 ) 
(2-8 ) 
= Ga i n  of t ra n sm i tt i ng a ntenna 
= Ga i n  o f  receiv i ng a nten na . 
The max i mum range of  a ra d a r  set m i g ht· be dete rm i ned  by  i ts use . 
Fo r  examp l e, t h e re may be  ra n ge restr i ct i ons  i mposed to e l i m i nate i nte r­
f e re nce w i th n ea rby rad a r sets , or i n  the ca se of t he p ropo s e d  s y stem it 
wil I be i mp ra ct i ca l  to detect ve h i c l es much f u rt h e r  than 150 meters  f rom 
the t ransm i tte r .  To d o  s o  wou l d cause_a moto r i st to wait at an inter­
section a n  un necessa ry l en gt h  o f  t i me .  
The t ra ns� i tted powe r ca n rema i n  a n  u n known p rov i ded  a l  I th e other 
va r i a b l es a re known . Whe re FCC regu l at i on s  i mpose ·max i mum powe r rest r i c­
t i on s  t he n  that va  I ue cou Id be used for Pt' w hi I e some other va r i ab I e such 
a s  range  i s  l e f t  a s  a n  un known . 
The e f fect i ve a rea o f  a n  a n tenna  i s  t he c ross-sect i on a l a rea enc l os­
ing the a nten na a n d  h a v i ng an amo u nt o f  powe r equa l to  the powe r captured 
by t h e  a ntenna . Figure 2-2 s hows the e f f ect i ve a rea f o r  a dipole an­
tenna (4) . 
The power ga i n  o f  a dipole a ntenna can be  i nc re ased 6 db by u s i ng 
a ref l ecto r  to ma ke the a ntenna  d i rect i ona l (4 ) .  A f l a t ref l ector one­
qua rter wave l ength  f rom a d i po l e  a nte n n a  i s  s hown in Figure 2-3. Fig­
u re s  2-4 an d  2-5 s how two other types o f  a ntenna re f l ectors commonly 
used (2 ) .  The p a ra bo l i c  ref l ector i s  t he most directional and there­
fore i s  t he most common type of a nten na u sed on rad a r s et s .  
The geometry o f  t h e  object t o  be detected i s  a l wa y s  known, therefore 
its ef fect i ve a rea i f  not known can be emperical l y  determ i ne d  by so l v i n g 
For a ho\f Wave d;poJ·e 
Ae =- G ?\ 2 
411 
= Q,,J31?\2 
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f ,!GURE 2-5. PARABOL I C  REF LECTOR ANTENNA . 
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equat i on 2-8 for a ,  an d a ss i gn i ng va l ues  fo r the rema i n i ng va r i a b l es 
except S . . Th en a te st sit uat i on is set up whe re a powe r magn it u de 
min 
eq ua l to P
t 
a�d a wavelength, �' is t ransmitted to the object over 
a known d i stance . The re f l ected s i gna l i s  then mea s u re d  a n d  s ubst i -
t uted for S . i n  the rad a r  eq uat i on .  A va l ue for  a ca n then  be ca l ­
m 1 n 
cu  l ated . 
The basic rada r eq uat i on w i  I I not pro d uce exact resu l ts i n  p rac-
t i ce beca use i t  does not i nc l ude s i gna l deg radat i on d ue to atmos p h e ric 
attenJat i on a n d  no i se ( I ) . 
2-4. Atmosph e r i c  Atten uat i on .  
F i g ure 2-6 de f i nes the  types o f  scatte r i n g  f rom a s p he r i ca l  ob-
ject \I) . Rayle i gh scatte r i n g  i s  signa l a tten uation d ue to s ca tte r-
i ng f rom a p u re l y  gaseous  a tmosphe re .  The Ra y l eigh reg i on is whe re 
the s i gna l wave l e n gth  is l a rger t han  the c i rcumfe rence of the obj ect 
detected , ass um i n g  the object to be a sphere .  M i e  scatte r i n g i s  
s i gna l atten uat i on d ue to a bso rpt i on a n d  scatte rin g by sma l I dielec-
t r i c  sp h e res when the  s i gna l wave l ength is a pprox i mate l y  eq ua l to 
the c i rc umfe rence o f  the obj ect detected. 
The opt i ca l  region shown  i n  F i g u re 2-6 i s  whe re the obj ect cir­
cumfe rence i s  much l arge r than the s i gna l wave l en gth . A l tho u g h  some 
powe r abso rpt i on occurs i n  th i s  region , most of  the sign a l is re f l ec­
ted.  A ra da r operating i n  the optica l region wi I I cons i sten t l y  re­
ce i ve the l a rgest s i gn a l s  of a l  I th ree regions f o r  a l a rge r va r i ety 




0.1 o.5 1.0 5.o 10.0 so.a ·100.0 
a = Power reflected back to the rece i ver  per unit so l id a . g l e 
I nc i dent powe r den s i ty I 4 TI 
r = Rad i us of sphere 
A = Wavelength of  i nc i dent s i gna l 
f I GURE 2-6. NORMA L I ZED RADAR CROSS SECT I ON OF A SPHERE VERSUS 
C I RCUMFERENCE I N  WAVE LENGTHS . 
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Atten uation d ue to a b so rpt i on in the atmos p h e re i s  p r i ma ri l y d ue to 
water vapo r ,  ca rbon d i ox i de a n d  ozones , a l though oxygen a n d  n i trogen 
a bsorpt i on occ u rs for  shorte r wave l en gth s . F i g u re 2-7  a nd F i g u re 2-8  
s how atmospheric a tten uation a s  a fu nct i on o f  f req uency and  d i sta nce 
(I). 
2-5. No i se P rob l ems . 
S i gn a l attenuat i on d ue to distance, �bsorpt i on a n d  scatte r i ng wou l d  
not present a ny p ro b l ems if  it were not fo r noise . It wou l d  not matte r 
how much a s i gna l h a d  been a tten uated it cou l d  a l ways  be  a mp I i f i ed a n d  
restored to i ts o r i gina l amp I i tu de . The p resence o f  nois e , tho ug h ,  es­
tab l i shes  a m i nimum u s ef u l signa l l eve l at the rece i ve r' s a nte n n a . Sig ­
na l s  be l ow th!s l eve l wi I I be distorted a n d  obsc u red  b y  noise . 
No i se can be  defined a s  a ny unwa nted f requencie s  e n co u ntered  wh i l e 
process i ng a desired  � i g na l . No i se is the biggest p rob l em encou n te red 
in the des i gn of  rece i ve rs for radiated e l ectromag net i c  e n e rg y . 
A b road catego r i zat i on of  the types of  no i se a re: 
I ) Noise gener-ated i n  the tra n sm i tte r a nd rad iated a I o n g  w i th the 
s i gna I • 
Z> Noise f ro m  sou rces externa l to e i ther  the tra n sm i tter o r  the 
receiver .. 
3) Noise generated at the a ntenna . 
4) Noise gene rated i n  the rece i ve r . 
Proper desig n  tech n i q ues  ca n be u sed to red uce the l eve l o f  no i se 
prior to transmiss i on .  No i se generated exte rna l l y to the  t ra nsm i tter a n d  
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by e i ther mag net i c  cou p  I i ng o r  rad i at i on . Sh i e l d i n g the  rece i ve r  w i th a 
meta l I i c  mate r i a l  w i  I I p revent no i se f rom enter i ng by mag net i c  cou p  I i ng 
a n d  by  that rad i at i o n wh i ch i s  not p i c ked u p  by the  a nten n a . No i se w hich 
enters  the  rece i ve r  by the a ntenna has to be el i m i nated o r  attenuated 
i n  some other  way . I f  the powe r sou rce for  the rece i ve r  ca n n ot be 
sh i e l ded  w i th the rece i ve r ,  the  powe r I i nes between t hem  w i  I I become 
a path for no i se u n l es s  they a re sh i e l ded . .  
No i se gene ra ted a t  the rece i v i ng a nten na  i s  due to a nte n n a  res i s­
tance a nd can not be a vo i ded (5 ) .  No i se gen e rated i n  t he rece:ve r i s  
p redom i n a nt l y  t h e rmal noise , wh i c h i s  ca used by '  t he t h e rmal a g i tat i on o f  
e l ectro n s  i n  the components . Th i s  type o f  no i se i s  i n he rent  i n  th e 
components used for  rece i ve r  con st ruct i on .  Therma l · no i se c a n not be 
e l i m i nated b ut i t  can be reduced by u s i ng components w h i ch have been 
const ructed  to be l ow i n  the rma l no i se .  Us i ng these components  a n d  prope r 
tech n i q ue s  i n  des i gn ,  the rma l no i se ca n be kept at a m i n i mum . 
A comp rehen s i ve st udy  o f  no i se and  i ts contro l i s  beyo n d  t h e  scope 
of th i s  t h es i s . The reade r ,  i f  i nte rested i s  ref e r red to re f e re nces 
(5), (6), ( 7 )  and ( 8 ) for  a more comp l ete study of  no i se .  
2-6. Comp l ex Circ uit Components . 
At m i c rowave f requenc i e s sta nda rd components l i ke ca pac i to rs ,  re­
s i stors , a n d  i nd uctors beg i n  l oo k i ng l i ke combinat i on s  o f  eac h  oth e r. I n  
other words they become comp l ex. The reason s  a re bec a u se a ny l en gt h  of 
wire ha s a res i sta nce a nd a n  i nducta nce associated w i th i t  rega rd l ess  
how sma l 1 i t  i s, and  a n y  d i e l ect r i c  w i th conductors o n  e i t h e r  s i de o f  i t  
25 
i s  a capac i to r .  There f o re , a res i stor has  its norma l va l ue o f  res i s-
tance p l u s the i nd uctance of  i ts l ea d s  and  the capac i ta nce betwee n  the 
l ea d s  w i th the res i sta nce mater i a l  act i ng  as  a d i elect r i c .  An i nd ucto r  
has t h e  res i sta nce of  i ts w i re co i I s  a n d  each  co i I i s  sepa rated  f rom 
a nothe r co i I by the d i e l ectr i c  mater i a l  u sed fo r i n su l at i ng the tu rns . 
A ca pac i to r  ha s the i nductance o f  i ts l ea d s  a n d p l a tes  a n d  t h e  res i sta nce 
of the w i re a n d  d i elect r i c  mate ria l .  A component then ta kes on the value 
which dom i nates at  a pa rt i cu l a r f requency . F i g u re 2-9 s hows t he equ i va-
l ent mode l s  for a ca pac i to r ,  a re s i stor a nd a n  i nd ucto r .  
Ana l yz i ng the capacitor mode l shows why i ts i mpedance i s  a f un ct i on 
of frequency . 
whe re 
Z = 'X' c J L 
-jR' / we = R + jwL '  + R' + l/jwC 
w = 27TF 
F = F requency 





<R ' w C) + I 
+ jw 
( 2-9 ) 
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Ima g i n a ry 
As w -+ 0 
Z -+ R + R' . 
c 
As w -+ 00 
z .... oo. c 
= R + ��-R-'��� 
CR' w C>2 + I 
= j [w L 1- w CR'2 
<R'w C>2 + I J 
(2-11) 
Th i s  seems correct beca u se a capac i to r  p resents a h i g h i mpeda n ce to de  
and its i mpeda nce decreases as  f req uency i nc rea ses . But t h i s  eq ua t i on 
does not show R a n d  R' to be  f req uency sens i t i ve .  S k i n  e f f ect h a s  not 
been cons i dere d . Br i ef l y , s k i n  e f fect i s  a name g i ve n  to the  phenomenon 
of cond uctor c u r rent c rowd i ng to the s u rface of  the con d ucto r  a s  f re-
quency i nc reases . Obv i ou s l y , i f  the c u r rent i s  conta i ned i n  a sma l l e r 
cross-sect i ona l a rea  i t  encounters a p ropo rt i on a l l y h i g h e r  res i sta nce . 
The effect i ve resistance con s i de r i ng s k i n  e f fect , is 
R 
L ( 2-12) = 
2iraoo 
Where 
L = W i re I ength i n  mete rs 
a = W i re rad i u s 
a = con d uct i v i ty = 5 .  88 ( I  0 
7
) /m for  cop p e r  
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o = s k i n depth 
= I /./rr fµa 









;:: 1 0  h/m for  cop p e r  
µ
r 
= re I at i ve pe rmea b i I i ty . 
The re a re othe r losses w h i ch ma n i fest themselves a s  i mped a n ce cha n ges 
such as ra d i at i on ,  i n d uct i ve a n d  ca pac i t i ve ef fects be�wee n  compo nents . 
The most s i gn i f  .i can t  c ha n ge i n  capac i tors i s  d ue to powe r  I osses  i n  the 
die l ect r i c .  Fo r f Jw l os s  d i elect r i c  capac i tors w i th s ho rt l ea d s , ca pac-
i ta nce i s  a l most f requency i nsen s i t i ve (9). 
Similar eq uat i on s  fo r the  res i stor and  i nd ucto r models ca n be de-
r i ved . I mpeda nce cha nges that a f fected the ca p ac i to r  a lso a p ply to the 
res i stor a nd the i nd ucto r ,  b ut for the res i stor a n d  i nd ucto r s k i n e f fect 
causes the greate r im peda nce va r i a t i ons  w i th f req uency . 
The eq uat i on f or the  res i stor  mode l i s  
( 2- 1 3) 
Here, a ga i n , the eq uat i on i s  not accu rate as  l ea d  i nd uctan ce a n d  the  re­
s i stance has been changed d ue to sk i n  ef fect; the refore L ' , L a n d  R must 
be mod i f i ed accord i ng l y . 
The equa t i on for  t he i nd uctor mode l i s  
Z
L 
= RI + j r wl I - I I =-i L we - wcJ 
( 2- 1 4) 
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As can be expecte d s kin e f fect ha s a f fected this mode l , a l so .  I nd uctance 
i s  af fected beca u se a s  t h e  c u r rent at high f req uenc i es is forced to the 
s u rface o f  a con d ucto r  the interna l i n ducta nce dec reases  a s  ca n b e  seen 
f rom ( 9 )  
L. t = In 2rra ocrw h/m .  
Most component va l ues  a re dete rmined at a l ow freq uency , . a bo ut 
( 2- 1 5 ) 
1,000 Hz, a n d  a re not va l i d a t  higher  f req uenc i es .  I t  may be  s u rp r i s i ng 
to know t hat a l  I ca pac i to rs ca n not be  used at h i gh f req u enc i es .  At 
high f req uenc i e� d ie l ectr i c  po l a rizat i on in some capacitors  does not have 
su fficient  time to occu r; in others the powe r l os s  in t h e  d ie l ect ric be-
comes significant .  The best die l ect rics to use  at � i g h f requenc i es are 
g l ass , mica, l ow- l oss  ce ram i c , po l ystyrene , po l yethy l e ne, polytetra ­
f l uo rethy l ene ( Tef l on ) ,  a n d  porce l a i n  as  shown i n  F i g u re 2- 1 0  (10 ) .  
I t  i s  adv i sa b l e  to u se ca rbon  compos i tion res i sto rs w i th s ho rt l ea d s  
a t  m i c rowave f req ue nc i es . A w i re wou n d  res i stor w i  I I exhib i t  exces s i ve 
inductive a n d  capacitive e f f ects . 
I nd uctors  shou l d  be ma de f rom a st i f f s i l ve r  p l ated w i re wou n d  with 
an air core . A stif f wire i s  needed to ho l d  the  co i l s  rig i d l y  to p reven t  
any change i n  i nd uctance . Beca u se of  s k i n e f fect on l y  the  a rea  with i n  
four sk i n depths f rom t he s u rf ace of the w i re nee d s  to b e  a good c u r re nt 
conducto r  ( I  1 ) . S i  I ve r  is a good  con d uctor a n d  i s  common l y  u sed . A i r 
i s often u sed for a die l ectr i c  as  its d i e l ectr i c  powe r l oss  i s  a p p rox i -
rnate l y  t he power l os s  of  a vacu u m .  
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m i c rowave c i rcu i ts can not be avo i ded , i t  i s  de s·irab le to keep a l  I pa ras i tic 
e f fects con stant . The best way o f  do i .n g  th i s  i s  by mount i n g the components  
on a p r i nted c i rcu i t boa rd (PC boa rd).  Th i s  w i I I ho  I d  a I I components a n d 
con nect i ng I i nes r i g i d ,  there by , mak i n g  a l  1· pa ra s i tic e f f ects consta nt .  
2-7 . M i crostrip Des i gn .  
Two types o f  con necting st r i ps o r  tra n smis sion I i ne s  may be  used  
on PC boa rds . The  f i rst is  st r i p  I i ne a n d  the  secon d i s  m i c ro s t r i p .  I n 
s p i te of  a few a d ve rse p ropert i es m i c rostr i p  i s  eas i er a n d  c h ea pe r  to 
construct a n d  i s  used i n  th i s  thesis . 
Microst r i p  i s  a type o f  pla n a r t ra n smis s i on I i ne consis t i ng o f  a 
single st r i p  conducto r sepa rated f rom a g round plane  b y  a d ie l ect ric 
mate ria l .  I t  i s  s i m i l a r to strip I i ne wh i ch ha s a sin g le conducto r sa n d-
wiched between two g roun d p l a nes , w i th a dielectr i c  material sepa rat i n g  
t h e  conductor f rom each g roun d p l a ne . Mic rostr i p  i s  subj ect ·to mo re 
f r i ngin g  a n d  ra d i ation f i eld s tha n str i p  I i ne ,  but p roper shielding ca n 
contro l radia t i on .  
Microst rip p ropagatio n  i s  not true TEM ( Tra n sve rse Elect roma gnet i c ) 
mode , because the p rope rties o f  t he d i e l ectr- i c  mate r i al b etween the con -
d ucting st r i p a nd g round p l ane  d i f f er  f rom the p ropert i es o f  the a i r  
above the  st rip . F i gur-e 2- 1 1  i s  a d rawing of a m i crost rip PC boa rd .  
The cha racte r i s+ i c impeda nce of a n  uns hielded m i c rost rip w i th a 
zero th i c kness conducto r is ( 1 2 )  
z 
0 
= 377 h----------�---=-���� � 
� W I .  735 ( e: ) [I + -0 . 0124 wh -0 . 836 r r 
(2- 1 6 ) 
Conductor St r i p  
. D�e l ect r i c Mate r i a l 
Groun d P l ane 
FIGURE 2-1 I .  MICROSTRIP TRANSMISSION LIN E . 
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where 
W = w i dth o f  con d uctor str i p  
h = th i c kness o f  d i elect r i c  mate r i a l 
E = d i e l ect r i c  con s ta n t . 
r 
Obv i ou sly the str i p  has  f i n i te th i c kness , the re fore the  
·
w i dTh  musT be 




= W + : [ I n ( 2� + 1] 
W
e f f
. = ef f ect i ve w i dth o f  con d ucto r 
t = th i c kness  o f  con ducto r 
= 1 . 4 m i l s  for  ounce c?pper  
= 2 . 8  m i l s  for 2 ounce copper  
( 2- 1 7 ) 
Beca u se the mode of p ropagat i on i s  not exact l y  TEM mode , The wave l en gth , 
Am,  of the conducto r  str i p  d i f fers  f rom the TEM wave l en gTh , ATEM . And 
ATEM d i f fe rs f rom A0 , wave l ength i n  f ree s pace , because The d i e l ectr i c  
between the s t r i p  a n d  g round  p l ane  d i f fe res f rom The a i r  a bove The st r i p ,  
The relat i on sh i p s a re ( 1 2) 




w 0 . 63 ( E - I ) �f r h 
1 /2 
0 .  1 255 
( 2- 1 8 ) 
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a nd for 
w 
e f f < 0 . 6 
h 
"-




= Fr . ( 2-20 ) 
Exper i mental res u l ts s how that t he th i c kness o f  t he con ductor st r i p  
and  g ro u n d  p l a ne need not be  g reate r than  a bout fou r  s k i n  depths t h i c k 
C l I ) . The con d ucto r  st r i p  can  be a ny good con d u ctor mate r i al .  Th e 
better the  con ducto r the sma ller the power t osses i n  the  st r i p .  
Some d es i ra b I e p ropert i es o f  d i e I ect r i c mate r i ·a I s  a re a n  e: < 5. O ,  
. r 
l ow-loss mate r i al ,  h i gh mechan i ca l  a n d  electr i ca l  st ren gt h , low mo i s-
�u re a bso rpt i on ,  a constant e: ove r a w i de ra nge o f  f req ue n c i es ,  h i gh 
r 
elect r i ca l  res i sta nce , l ow the rmal res i sta nce . 
Some mate r i a l s  used for  p r i nted c i rcu i t  boa rds a re me l am i ne ,  
epoxy , po l yeste r,  p henol i c ,  ce ram i c  a n d  te f l on .  F i be r  g l ass  i s  f re-
35 
q uent l y  comb i ned  w i th a d i electr i c  mate r i al to p rov i de mech a n i ca l  strength . 
Ceram i c  a n d  tef  I on a re l ow- l oss mate r i a ls f req uently used i n  m i c rost r i p  
PC boa rds . A t h i c k d i elect r i c  m i c rostr i p  PC boa rd is less lossy th a n  a 
th i ck d i electr i c  m i c rostr i p  PC boa rd . 
For m i c rowave use , t he d i electr i c  consta nt , conductor st r i p th i c k­
ness a nd the d i elect r i c  th i c kness must be control led w i th i n  close tol-
erances . Th i s i nc reases ma n u factu r i ng costs ove r PC boa rds d.es i g ne d  
for low f reque ncy u se ,  wh i ch do not have str i n gent tole ra nce contro l s .  
Beca u se o f  the h i gh cost of  m i crowave PC boa rd s Motorola i nvest i -
gated the poss i b i  I i t i es o f  u s i ng N EMA ( Nat i onal E l ectr i ca l  Ma n u factu re rs 
Assoc i at i on ) des i gnat i on ,  type G-1 0 epoxy-g l as s  lam i nate s  for m i c rostr i p  
appl i cat i on s  ( 1 3 ) . A s  a res ult they found  ove r a sampl i ng o f  s i x  sam-
p i es f rom each of  e i g ht man u fact u re rs , that the d i e l ect r i c  constan t  o f  
The lam i nates va r i ed f rom 4 . 61 w i th a sta n da rd dev i at i on o f  0 . 0 5 60 f o r  
one man u fact u re t o  5 . 64 w i th a sta nda rd dev i at i on of  0 . 1 660 f or a noth e r  
man u factu rer .  T h e  va r i at i on between t h e  extremes res u lts i n  a d i f f e re nce 
of a bout 1 . 6 p i cofa ra d s  wh i ch can be ea s i ly compensated  w i th t r i mm i n g 
capac i to rs between the con d uctor str i p  a n d  g rou n d . As t h e  n a me s  o f  t he 
man u fact u re rs we re not p rov i ded , a med i an .d i e i ect r ·  i c con sta nt o f  5 .  25 
was chosen fo r th i s  thes i s  p roj ect . 
2-8.  S-Pa rama ters . 
S-p a ramete r c i rcu i t  des i gn a na lys i s  has become the p r i nc i p le tool 
i n  m i crowave des i g n .  They a re ea s i l y  a n d  acc u rate l y  obta i ned . S ,  o r  
scatte r i ng pa ramete rs , a re t h e  ref lect i on a nd tra n sm i ss i on coef f i c i en t s  
of a 2-po rt n etwor k G  
I n  F i g u re 2- 1 2 , a1 a n d  a2 a re 
wa vefo rms i nc i de nt on the  n etwo r k ,  w h  i I e 
b 1 and b
2 
a re the waveforms ref l ected f rom the networ k .  
"a" a n d  " b "  rep resent t h e  squa re roots of  powe r where 
2 
( voltage ) 
Powe r = R 
Coef f i c i ents 
(2-2 1 ) 
I f t5 = zl = R t h a n  the s
1 1  
a n d  s22 







Source Vo l tage 




= Load I mpe d a n ce 
z .  = I np ut I mpeda nce 
1 n  
z = Out put I mpeda nce out 
F I GURE 2- 1 2 .  S-PARAMETER MODE L .  
eq ua l to the vo l tage ref l ect i on coe f f i c i ents , a n d  s 1 2  a n d  s 2 1 become a 
vo l tage rat i o  w h i ch ca n be meas u red w i th a vector vo l tmeter .  
For ( 1 4 ) b
l 
= 
S I l a l + s , 2
a
2 ( 2-22 ) 
a n d  b2 
= 5
2 1 a 1 + 
5
22a2 ( 2- 2 3 )  
then s , I 
= �1 a 2 = 0 ( 2-24 ) 
a
l 
= I n p ut ref l ect i on coef f i c i ent w i th the o u t p ut port 
te rm i nated by a matc hed l oa d . 
5





= 0 ( 2 -2 5 ) 
= Outp ut ref l ect i on coe f f i c i ent w i th the  i n p ut te rm i n-
ated b y  a matched l oa d . 
5
2 1  





= 0 ( 2 -26 ) 
= Fo rwa rd t ra n sm i ss i on ( i nsert i on ) ga i n  w i t h the outp ut 
po rt term i nated i n  a matched l oa d . 
and 5 1 2  





= 0 ( 2-2 7 )  
= Reve rse t ra n sm i s s i on ( i nse rt i on ) ga i n  w i th the i n p ut 
port t e rm i nated i n  a matched l oa d . 
3 8  
The s-pa ramete r s  ca n be ea s i l y  ob ta i ned w i t h  t h e  u se o f  a n  8405A 
Vecto r Vo l tmete r ma n u f actu red by Hew l ett Pac ka rd .  F i g u re 2- 1 3  s hows one 
met hod o f  obta i n i n g S-pa ramete r s .  s 1 1  a n d . s22 c a n  t h en b e  p l otted o n  
a Sm i t h Cha rt t o  obta i n  t h e i n p ut a n d  o ut rmpe d a nce o f  t h e s y stem . 
Hew l ett Pac ka rd h a s  seve ra l re fe ren ces out ! i n i n g met hod s to u se i n  
des i g n i n g m i c rowa ve amp I i f i e rs a n d  osc i I J a to rs w i t h S - p a ramete rs . 
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DOPPLER SW I TCH . 
3- 1 .  Powe r S upp l y. 
The type of powe r sou rce for the dop p l e r sw i tch  w i l 1. depend on the  
l ocat i on a n d  usage of the system . F i g u re 3- 1 s hows a schema t i c  d i a g ram 
for a powe r s up p l y  that ca n be used i n  the dopp l e r sw i tch  w h e re 1 20 Vac 
power so u rce i s  ava i ! a b l e . I t  u ses  comme rc i a l  vo l tage reg u l ato rs a n d  
operates f rom a 1 20 vo l t  a - c  powe r so u rce to p rov i de +/- 1 2  vo l ts a n d  
+/- 6 vo l ts .  two LM320-5 negat i ve vo l ta ge regu l ators a n d  two LM309 
pos i t i ve vo l ta ge reg u l ators a re u sed . 
The LM320-5 a n d  the LM309 a re connected acco rd i ng to sect i on 7 o f  




, R7 a n d  R8 
a re a dj u sted to 
p rov i de +/- 12 vo l ts a n d  +/- 6 vo l ts .  The +/- 6 vo l ts i s  u sed  a s  a 
power sou rce f or the 500 MHz osc i I l ator ,  the NE565 f req uency-to-vo l ta ge 
converter a n d  the TT L l og i c  gates . The rema i n d e r  of  the system ope rates 
f rom the +/- 1 2  vo l t  sou rce . 
Ge l  l ed l ea d  ac i d  batte r i es p rov i de a n  exce l l ent l ow-no i se power 
source and  co u l d  be  used at l ocat i ons  whe re I i ne no i se i s  a p rob l em .  
Beca use of the i r porta b i l i ty they a re a l so use f u l at remote l ocat i on s , 
but they w i t I i ntrod uce the p rob l em of battery cha rg i ng .  Th e ge l l ed 
l ead ac i d  batte ry has  the adva n tage of l ong  storage I i fe ,  l ow i nte rn a l 
res i stance , a n  a b i I i ty to be rec ha rged a fter comp l ete d i scha rge , a n d  i t  
i s a comp l ete l y  sea l ed u n i t .  D i sadvantages a re cost a n d  the nee d  for 
4 1  
rv 
3 : I 1 2- 0  Va.. c. 
c ,  _J_ �300JL IOOOU.fI 
50 V '2. 
s o o ..n.  
L M 3 0q 
+ 5  C3 . _J_ R3 300 IOOO u (  I -"-5 0 V R A  j r' ,...,_. 




R7 Te s 
100 J\- _J_ 
- J 2.  v _l Cz_ 1 100 vtf 
+ I Z V  
C_4-
I JOOuf 
+ to v  
Cw _L_ loo u+ 
� 
N 
recha rg i ng .  
The Dop p l e r sw i tch  may be ope rated i n  one of  f o u r  modes : 
I )  Cont i n uou s  
2 )  Pu l sed 
3 )  Pu l sed-on-dema n d  
4 )  Cont i n uous-on-dema n d . 
Cont i n uo u s  mode re f e rs to ope rat i ng the system cont i n uo·u s l y  a n d  i s  
not recomme n ded for  use when a battery i s  the e n e rgy  sou rce . 
Pu l sed  mode re fers to per i od i ca l l y  sw i tc� i ng the system o n  for  a 
s ho rt per i od of t i me .  An on per i od o f  . 0 1 secon d eve ry • I second  w i  I I 
extend  the I i fe of  a 20 a mp-h r ,  G l obe Un i on ,  I nc . , Ge l /Ce l I b a ttery to 
about f 000 hou rs . 
Pu l sed-on- dema n d  mode refers  to turn i ng a sy stem on  w he n  n eeded 
wh i ch w i l I then ope rate i n  p u l sed mode for the per i od o f  demq n d . 
Cont i n uo u s-on -dema n d  mode i s  s i m i l a r to p u l sed-on-dema n d  mode  ex­
cept that  the t ra n sm i tte r w i t I ope rate cont i n uo u s l y  for the  pe r i od o f  
deman d . Th i s  mode wou l d  work  we l I for l ocat i ons  whe re l ow u sa g e  i s  ex­
pected .  An examp l e  wou l d  be a l ocat i on whe re a p r i vate d r i ve e nte rs a 
h i ghway . A cont i n uous wave transm i tter i s  l ess  expen s i ve to con st ruct 
than a p u l sed t ra n sm i tte r .  The re fore , i t  i s  more des i ra b l e  a t  l ocat i on s  
where l ow usage i s  expected .  
I f the i nd i cato r i s  l ocated nea r a n  e l ect r i ca l  power
 sou rce i t  ca n 
use the so u rce for powe r .  I f  there i s  no e l ect r i ca
l  sou rc e  a va i  I a b l e , 
then the i nd i ca to r w i l I have to be battery ope rated 
a l so .  The i n d i cato r 
w i l l use more powe r t h a n  the tra n sm i tter a n d  the
 rece i ve r ,  t h e re fo re ,  i t  
4 3  
may be necessa ry to pa ra I l e l  two or  more batte r i es .  The batte r i e s 
powe r i n g the i n d i cato r  s hou l d  d i scha rge t he same rate a s  the batte r i es 
powe r i ng t he t ra n sm i tte r a n d  t he rece i ve r . F i gu re 3-2 shows the  re­
q u i red battery rat i ng for  a des i red c u r rent d ra i n  o ve r  a g i ve n  pe r i od 
of  t i me ( 16 ) . 
A batte ry powe red system has  the a d vantage o f  be i ng v i rt ua l l y  f ree 
f rom 60 Hz I i ne no i se .  A l i ne  operated system h a s  t h e  a dva n ta ge o f  
be i ng a b l e  to s u p p l y l a rge amounts o f  powe r ,  except d u r i ng power o u t­
ages . Comb i n i ng these two systems for  red u n da�cy , a s  d e sc r i bed  b e l ow , 
wi I I p rov i de the  best powe r s u p p l y  system , b ut i t  w i t I b e  mo re ·expen s i ve .  
The dop p l e r sw i tc h  can b e  powe red b y  fou r  6 vo l t  b atte r i es con ­
nected t o  a 1 2  vo l t  d-c sou rce a s  s hown i n  F i g u re 3�3 .  Two b a tte r i es 
i n  se r i es p rov i de the  pos i t i ve 1 2  vo l t  source wh i l e the  othe r two bat­
ter i es i n  ser i es p rov i de the negat i ve 1 2  vo l t  sou rce w i th g ro u n d  b e i ng 
common to both sou rce s . The pos i t i ve 6 vo l t  source i s  o bta i ned  f rom 
the pos i t i ve s i de of the f i rst b atte ry a bove g ro u n d  poten t i a l a n d  the  
negat i ve 6 vo l t  so u rce i s  o bta i ned f rom t�e negat i ve s i de o f  the  f i rst 
battery be l ow g ro u n d  potent i a l . The ma n u fact u re r ' s data s heet recom­
mends cha rg i ng Ge l -Ce l I b atte r i es at 2 . 3 vo l ts pe r ee l I t h e re fore a 
+/- 13. 8 vo l t  cha rg i ng system i s  u sed . The cha rg i ng sys tem s ho u l d  con­
ta i n  a t i me r  p rog ramme d +o cha rge the batte r i es d u r i ng pe r i od s  of  I i tt l e 
use . An  examp l e  wou l d  be a 24 hou r  c ha rg i ng cyc l e  beg i nn i ng a t  m i d n i g ht 
and hav i ng a f i ve ho u r ch a rg i ng per i od .  Commerc i a l  t i me rs a re a va i I b l e 
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3-2 e Osc i l l ator .  
The osc i I l ator shou l d  be i nexpen s i ve ,  ea sy to con struct a n d  i t  shou l d  
ha ve exce l l ent f req uency sta b i I i ty .  A re f l ect i on osc i I l ater meets the 
f i rst two req u i rements b ut the f req uency of  a ref l ect i on osc i I l ator i s  
depen dent on i ts i np ut i mpeda nce wh i ch may va ry w i t h  temp e ra t u re c h a n ges . 
The Motoro l a  MEC L I I I l i ne o f  EC L l og i c  gates a re temperat u re compen­
sate d a n d  h1ve good temperatu re sta b i i  i ty f rom - 30°C to  +85°c .  A re-
f l ect i on osc i I l ator ma de f rom one of  these gates s ho u l d  have good f re-
q ue ncy sta b i I i ty w i t h i n t h i s  tempe ratu re range . A c ry sta l may be u sed  
to  obta i n  even g reater f req uency sta b i I i ty .  
F i g u re 3-4 s hows a re f l ect i on osc i l l ator u sed b y  R i cha rd Saw rey  i n  
h i s thes i s  at  South  Da kota State Un i ve rs i ty C l 7 )  o n  ECL Gate Ose i I I -
ato rs . H i s d ata s hows that f requenc i es to 400 MHz ca n be  obta i ne d  w i th 
MEC L I I MC l 660 OR-NOR Gates . Th i s  w i l I requ i re t ha t  th e seco n d  h a rmon i c  
of  a 250 MHz osc i I l ato r be u sed for the dopp l er sw i tc h . 
Br i ef l y ,  a ref l ect i on osc i I l ator i s  des i g ned by obta i n i ng S� 
1
, the 
i np ut ref l ect i on coef f i c i ent o f  the EC L Gate w i th the  amp l i f i e rs con -
nected to i ts o utput , at the des i red f req uency . Th en b y  atta c h i ng a 
component o r  g ro u p  of  components hav i ng a ref l ect i on coe f f i c i ent , 
K = l /S ' to the i np ut of the EC L gate s ,  osc i l l at i on s  o f  250 MHz w i  I I s 1 1  
occu r .  Beca use K
s 
ca n not b e  g reate r than un i ty a n d  s ; 1 m u st b e  g reater 
than un i ty , some type o f  exte rna l feed bac k may be n eces sa ry .  
Beca u se s ' i s  a f u nct i on o f  the i mpeda nce l oa d i ng the gate t he 
I I  
fo J l ow i ng method shou l d  be u sed to des i gn the osc i I l ato r .  F i rst ,  des i gn 
and  b u i l d the a nten na . Second ,  des i gn a n d  b u i l d the  amp I i f i ers .  Th i rd ,  
47 
attach the osc i l l ate r o f  F i g u re 3-4 . Fou rth , obta i n  K .  F i ft h , deter-
, s 
m i ne the components to be attached to the i n put o f  t he gate by  p l oTt i ng 
K on a Sm i th Cha rt .  
s 








I - S22 KL 
( 3- 1 } 
KL = ref l ect i on coe f f i c i ent o f  the osc i I l ato r l oa d i ng c i rc u i t .  
The S-pa ramete rs a re for  t he ECL gate and  the l oa d i ng c i rc u i t  i s  t h e  
amp l i f i e rs a n d  the  a ntenna . D i rect mea s u rement o f  S j 1 , i s  much e as i er 
and  s hou l d  be  more acc urate as  the e f fect o f  the i nteract i on o f  i" h e  
components w i  I I be i nc l u ded  i n  K . s 
3 . 3 Tra n sm i tte r .  
The des i gn o f  the t ra n sm i tte r shown i n  F i g u re 3-5 i s  s i m i l a r to 
the t ra n sm i tte r  des i gned i n  ref e rence 1 2 .  C l a s s  A b i a s i ng i s  u se d  f o r  
t h e  des i gn ,  i n stead o f  C l a s s  C ,  though , a s  t h e  EC L Gate osc i I l ator does 
not have s u f f i c i ent  powe r to d r i ve a c l a s s  C b i ased t ra n s i sto r .  A Mot-
oro l a  type MMT80 1 5  sma l I - s i gna l m i crowave t ra n s i sto r wa s se l ected fo r 
the t ra nsm i tte r beca u se i t  has  a n  f T 
o f  1 . 0 GH2 , a n  u nn e ut ra l i zed  powe r 
ga i n  of  1 5  d b  C I
C
= 1 . 0 mA and  VCE 
= 6 . 0  V ) . I t  a l so has  a l ow n o i se 
f i gu re o f  2 . 0  d b  a n d  a max i mum powe r rat i ng o f  200 mW , w h i ch i s  s u f f  i -
c i ent for  a range o f  500 ft . 
The p r i nted c i rc u i t  boa rd i s  rest r i cted to 6 i nches  b y  1 2  i nc hes , 
48 
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0 
beca u se of  t he d i mens i on s  o f  the ma i I box i n  w h i c h i t  i s  to b e  housed . 
The t ransm i tter  needs  s u f f i c i ent a rea for a n  EC L Gate osc i I l ator ,  th ree 
t ra n s i sto ri a n d  fou r sect i on s  of m i c rost r i p .  
I t  i s  des i rab l e  to have at  l ea st th ree trans i stors to p rov i de i s-
e l at i on between the osc i I l ator a n d  the a nten n a  otherw i se i mped a n ce 
changes at the anten na w i  I I a f fect the o�c i  I l ator f req uency . I f  the  
out p ut power i s  g reate r tha n 100 mW a fter the  tra n s m i tte r i s  b u i I t , c 1 , 
c2 , a n d  c3 can be adj u sted to red uce i t .  
I
CBO
' the  co l l ecto r to ba se current w i th · t he em i tte r ope n , i s  a 
f unct i on o f  temp e rat u re and  ca n cause the ope rat i ng po i nt o f  t he t ra n -
s i sto r to va ry w i th a ch ange i n  the tempe ratu re o f  t h e  co l l ecto r-base 
j un ct i on .  A mea s u re o f  a c i rcu i t ' s  sen s i t i v i ty to tempe ratu re i s  the  





Em i tte r res i stor 
a n d  
R
B
= Ba se res i sto r 
( 3-2 ) 
The sma l l e r t he sta b i I i ty facto r the mo re sta b l e  a c i rcu i t  w i  I I be . 
The u l t i mate sta b i I i ty f a ctor i s  ' I ' , wh i ch i s  rea l i ze d  when  R8 i s  eq ua l 
to . ze ro . 
The RF choke i n  the  base c i rcu i ts of  F i gu re 3-5 h a
s  a d - c  res i sta nce 
51 
nea r ze ro a n d  a h i gh i mpeda nce at 500 MHz e The refore , t h e  t ra n sm i tte r 
amp I i f i e rs w i l I have good tempe ratu re sta b i I i ty a n d  a n  i np ut i mpedance 
eq ua I to S i 1 
• 
The d-c b i a s c i rc u i t ry for the amp I i f i ers was determ i ne d  u s i n g i n-
format i on f rom the ma n uf act u re r ' s  data s heet . A nom i na l  va l ue o f  1 50 
wa s u sed for h FE
. A power ga i n  of  1 5  d b  can be rea l i ze d  w i th t he t ra n ­
s i sto r  b i a sed a t  VeE 
= 6 e 0  V a n d  l e 
= I mA . 
For 
vee 
= + 1 2 . 0  v 
VE E  
::: -6 . 0  v 
l e 
= I .  0 ma 
h FE 
= 1 50 
VBE 
= 0 . 7 v C S  i I i con ) 
and  
VeE 
= 6 . 0 V 
the l oop eq uat i on fo r the base-em i tte r c i rc u i t  i s :  
- 3  
6 V = 0 . 7  V + RE 
C I O A ) , 
there f o re 
3 
= 5 .  3 C  I 0 ) f2.  
The l oop eq uat i on for the  co l l ecto r em i tter c i rc u i t  i s  
V + V = R I + VeE 
+ RE
l e cc E E  c c 
0 V = Re C I
0
- 3A )  + 6 . 0  V + 5 . 3 C I 0
3
> n C  I 0
- 3
> A ,  
1 2  v = 6 .  
52 




1 8 . 0  - 6 . 0  - 5 . 3  
1 0-3 
co l l ecto r res i stor . 
v 
A 
Beca use the em i tte r i mpeda nce i s  ref l ected to the base by  a f a ctor o f  
S + ! , a n em i tte r bypa s s  ca pactor i s  needed . A 0 .  I µ f  ca pac i to r  w i  I I 
p resent a n  i mpeda nce of  0 . 0032 n i n  the em i tter c i rc u i t  w h i c h w i l I be  
ref l ected to the b a se as  0 . 48 n . Th i s  i s  a n  i ns i gn f i ca nt va l ue .  
The deco u p l i ng  ca pac i tors  a n d  f e r r i te bea d s  i n  t he s u p p l y  I i ne 
a re needed to p revent RF f requenc i es f rom ente r i ng the  power s u p p l y  a n d  
feedbac k w h i ch cou l d  ca use osc i l l at i on s . The ferr i te bead s  a c t  a s  a n  
i nd ucta nce a n d  he l p  s up p re s s  c u rrent tran s i ents . 
The S- pa ramete r s  o f  t he tran s i stor ta ken f rom the data s heet , a re 
S = 7)940 
I I 
• 
52 1  
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° 
I t  i s  des i red that each m i c rostr i p  have a cha racte r i st i c  i mpeda nce o f  
5 0  n .  Rathe r tha n so l v i ng f o r  W in eq uat i on ( 2- 1 6 )  i t  w i J I b e  f a ste r 
5 3  
to i nsert the sta n d a rd w i dths  of the c i rcu i t  a rtwork  a va i l a b l e  f o r  ma k i ng 
p r i nted c i rc u i t  boa rd l ayout s ,  and  use a ca l cu l ato r to dete rm i ne w h i ch 
w i dth , i f  any , w i  I I be  s u f f i c i ent . Us i ng equat i on ( 2- 1 6 ) a n d  eq uat i on 
( 2- 1 7 ) w i th 
and  
a n d  
E = 
r 
2 5 . 25 f a rad/m 
h = 56 . 4  m i  I s  
W = 1 25 m i I s  
t = 2 . 8 m i l s  
= I 25 m i  I 5 + 2 .  8 m i  I s � n ( 2 ( 56 • 4 � i I s >) + 0 
TI � 2 . 8  m 1  I s  'J 






J5 . 25 
56 . 4  m i I s  
x 1 29 . 2  m i  I s  x ri 0724 (1 29 2 m
_
·r 1 s�- · 8361 � + 1 . 7 35 1 5 . 25 1 - ; � 56 : 4 m i l � J 
= 40 . 6 n 
Th i s  i s  too l ow .  For W = 9 3  m i  I s  
2 . 8  m i  I s  
we f f  = 93  m i l s +  n 
= 97 . 2  m i  I s  
an d  
I; n (2 ( 56 .  4 . m i  I s ) ) + 1 J L ' \: 2 . 8 m 1  I s  
z = 
377 
0 /5 . 25 
56 . 4  x 
x 97 . 2  t + I .  735 1 5 . 25 , -0 . 072 4 (;�: n -o .  8 36 J 
= 48 . 3 n .  
No nna I i  zed to 50  st 
z = 4�;3 = . 966 , 







. 966 + 
- . 0 1 7 
k ;  Then , i s  . 0 1 "kfso0 wh i ch i s  i n s i gn i f i ca nt ,  so Z w i  I I b e  con s i d e red  to 
0 
be 50  n . 
The  wave l en gth  of  the s i gna l i n  t he d i e l ect r i c ,  us i n g eq uat i on 
( 2- 1 8 ) a n d  equat i on ( 2-20 ) i s  
For 
8 
3 (  I 0 ) m/ sec 
5( I 08 ) Hz x --/5. 25 
= . 262 m 
ATEM = 
26 . 2  cm . 
[- 5. 25 l K = --�--�-------tl_2_8 ___ 3_)-.�,�2�2�5� I + 0 . 6 3 ( 5 . 25- 1 ) \ 56. 4 _ 




= 26 . 2  cm ( l . 1 5 1 ) 
= 30 . 1 6  cm . 
Sm i th Cha rts  we re used to dete rm- i ne the p roper  i mpeda nce needed to 
match the i np ut o f  A 1 a n d  the outp ut of A3 to 50 n .  They we re a l so u sed  
to  match the  ?Utp uts o f  A 1  a n d  A
2 





spect i ve I y ( 4 ,  1 2  ) . 
F i g u re 3-6 , s hows the ste p s  i n  match i ng s
1 1
, t h e  i np u t  o f  A 1 , to 
50 n .  The i np ut i mpedance o f  A 1 norma l i zed t o  SQQ i s  0 . 33 - j 0 . 9  Q .  




towa rds the  gene rato r to Po i nt B ,  ma i nta i n i ng 
a constant SWR , res u l ts i n  a n  ef f ect i ve i mpeda nce o f  0 . 22 + j 0 . 5 n . The 
l en gth of  the m i c rostr i p  needed to accomp l i sh th i s  i s  
L = 
ms 
I i n  
0 . 394 ( 30 . 1 6  cm ) 2 . 54 cm 
= 4 . 7 i nches . 
Mov i ng 1 so0 a ro u n d  the Sm i th Cha rt f rom Po i nt B to Po i nt C , ma i nta i n-
i n g  a con stant rad i us f rom I .  0 , con ve rts f rom i mp edan ce coo rd i nates 
to a dm i tta nce coord i nates . A das hed c i rc l e  rep re sent i ng t he i nverse 
of t he po i nts on  the i mpeda nce un i ty c i rc l e  i s  d rawn  o n  the Sm i th 
Cha rt . Pos i t i ve s usceptance ( pa ra I I e I capac i tance ) o f  I • 05 U i s  a d ded 
56 
F I GURE 3- 6 .  MATCH I NG s 1  I to 50 OHMS . 
\ 
57 
to po i nt C to reac h  po i nt D on the u n i ty a dm i tta nce c i rc l e . Rotat i ng 
Po i nt D 1 80° a ro u n d  the cha rt to Po i nt E conve rts t he Sm i th Cha rt co-
ord i nates back  to i mpedance va l ues � Add i ng an i mped a n ce ( se r i es ca-
pac i ta nce ) of  -j 0 . 6 to Po i nt E moves the equ i va l ent i mpedance to 5o n 
at Po i nt F . 
The va l ue of  pa ra I l e i  ca pac i ta nce needed i s  dete rm i ned by  ca l c u -
l at i ng 
y I I = 0 . 02 (.5 = = 
0 z so n 
( 3- 3 )  
0 
B = 0 .  02 ( I . 25 C.5 ) = 0 . 025 (.5 
c 
and 





c = I 
( 3-5 ) 
p 2nf X c 
I 
= 
2n ( 5 ) 1 0
8
C 40 )  
= 8 . 0 Pf . 
Th e  va l ue o f  the  se r i es ca pac i ta nce needed
 i s  dete rm i ne d  by  ca l cu-
l at i ng 
x = o. 6 c so >  = 30 n 
c 
s 
= 10. 6 Pf .. 
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S i m i l a r steps  were made to match s22 to s 1 1 a n d  s22 to 50 Q , res pect i ve l y .  
The res u l ts f o r  match i ng s22 to s 1 1 a re 
a n d  t h e  
L = 7 . 1 i n  ms 
c = 9 . 4  p f  
p 
c = 5 . 0  p f  
s 
res u l ts for  match i ng 
L = 7 .  I i n  
ms 
cP = 6 .  4 p f . 
s22 to 50 Q a re 
On l y  a pa ra I l e i  capac i tor  was needed to match s22 to 50 Q b ut a 
se r i es capac i to r  i s  needed to b l oc k d-c . A 0 . 0 1  µ f ca pac i to r i s  u sed  
for  d-c  b l oc k i ng a s  it  w i  I I p resent a n  i mpedance of  on l y  
= o .  0 3  Q 
wh i ch  w i  I I not a f fect the c i rcu i t  to any  deg ree . 
F i gu re 3-7 s hows how the tra n sm i tte r wo u l d  be  l a i d  out o n  the 
p r i nted c i rc u i t  boa rd .  The boa rd i s  G- 1 0  epoxy g l a ss l am i nate w i th 
one-ounce cop pe r on eac h  s i de e The s i de oppos i te the m i  c ro st r i p  con d  uc -
tors must be a so l i d  copper  g round  p l ane . 
3-4 ..  Antenna . 
F i gu re 3-8 s hows a ha l fwave d i po l e  a ntenna i n s i de
 of  a sta nd a rd 
5 9  
���L pl 8 ======�----=== 
---- ------




F I GURE 3- 8 .  MA I LBOX ENC LOSURE W I TH A NT ENNA . 
6. 1 
r u ra l ma i I box . A recta ng u l a r ho l e  5 . 5  i nc hes  by 1 7  i nc h e s  i s  c ut i n  t he 
s i de o f  t he ma i I box to pe rm i t  the  pas sage of  e l ect roma gnet i c  ra d i at i on .  
The ante n na i s  then mou nted i n  the cente r· of  t he rect a n g u l a r ho l e  w i th 
the  back  o f  the ma i I box u sed as  a re f l ecto r .  A n  R F  c ho ke i s  u sed  be-
tween the e l ements of t he a nten na to s ho rt any l ow f re q u e n c i es to g ro u n d  
wh i l e  p resent i ng a h i g h i mpedance to 500 MHz . 
Beca use the s i de s  of  t h e  enc l osu re a f fect the i mpeda nce o f  t he 
a ntenna  a method  was  needed for i mpeda nce match i ng the  a ntenn a  to the 
50 n t ra n sm i s s i on I i ne .  I n  th i s  case the ante n n a  i mp e d ance h a d  a rea l 
pa rt c l ose to .50 n a n d  a n  i mag i n a ry pa rt that wa s i n d u ct i ve .  Tr i mm i ng 
equa l a mounts  f rom each  end  of the  a nten na ca u sed the  e f f ect i ve i mped-
a nce to be  l es s  i n d uct i ve ,  or  mo re capac i t i ve .  
The des i gn tech n i q ue i s  to cut a n  a ntenna  a I i tt l e  l on g e r  t h a n  
ca l cu l ated res u l ts i n d i cate , obta i n  s 1 1 of t h e  a nten n a  at  the  des i red 
f requency w i t h t he a ntenna  i ns i de the ma i I box enc l os u re a n d  p l ot s 1 1 o n  
a Sm i th c ha rt .  Then use  d i screte components to move t he i mpedance to 
the  u n i ty c i rc l e .  The n  s uccess i ve l y  c ut 1 / 8  i nch  f rom each  a nten na 
e l ement a n d  reco rd s 1 1 a fter  each  cutt i ng u nt i I 50 n i s  rea c h e d . I f 5 0  
n i s  not reac hed once t h e  rea l ax i s  i s  c rossed , a compon e nt h a v i ng o n l y  
a rea l va l ue may b e  a d ded i n  ser i es o r  pa ra I l e i  to o bta i n  50 n .  F i g-
u re 3-9 s hows the  res u l ts o f  each step . 
For opt i mum rad i at i on of  ene rgy the l en gth o f  a d i po l e  a nten n a  s o u l d  
be one- ha l f  wave l en gt h . The wave l en gth  for a f requency o f  500 MHz i s  
C 3 ( 1 0
8 ) m/ sec ( 3-6 ) A = = 
f 5 ( 1 0
8
) HZ 




F I GURE 3-9 . TR I MM I NG ANTENNA TO 50 n: 
whe re 
A. 










wa ve l en gth 
Propaga t i on ve l oc i ty 
speed of  I i g ht 
f requency 
0 . 6  mete r 
2 
1 00 cm 
I m 
I i n  ---- = 
2 . 54 cm I I . 8 i n .  
The po i nts be l ow exp l a i n  the � rocess t hat p rod uced each  po i nt of  
F i g u re 3-9 .  
Po i nt # I  The a nten na was cut . to 1 3-3/4 i nc h , 
Po i nt #2 A 20 n res i stor wa s a d ded  i n  ser i es w i th a 5 Pf 
capac i to r . 
Po i nt #3  The  capac i to r  was removed .  
Po i nt #4 The capac i to r  was rep l aced a n d  1 /8 i nc h  was  c l i p ped  
f rom each  end  o f  the d i po l e . 
Po i nts  #5 - # I  I S uccess i ve remova l o f  1 /8 i nc h  was  made f rom ea c h  
e n d  of  the d i po l e . The a nten na l ength  i s  now I 1 - 3/4  
i nc h . 
Po i nt # 1 2  The components were repos i t i oned w i th res pect to 
each othe r .  
Po i nt # 1 3 Anothe r  5 Pf ca pac i tor  wa s a d ded  i n  s e r i es to ma ke 
a tota l of 2 e 5  Pf . 
64 
The a nten na  i mpeda nce i s  now app rox i mate l y  50 n a n d  i t  w i  I I match the 
i mpedance of  the RG 5 8  A/U a nten na  ca b l e . 
Data wa s ta ke n  w i th t he a nten na i n sta l l ed i n  the  ma i I box enc l os u re ,  
wh i ch s i mu l ates a f l at ref l ecto r ,  to dete rm i ne i ts b eamw i dt h . The  re­
s u l ts ,  Ta b l e  3- 1 ,  s how a good symmet r i ca l  beam hav i ng a . 60
° 
beamw i dt h . 
65  
The  w i dth  o f  the  beam at 500 feet i s  600 feet , wh i ch i s  cons i de red a d eq uate  · 
for thP, ap p l i cat i on .  Too w i de a beam wou l d  d i spe rse t h e  energy to 
rap i d l y a n d  too na rrow a beam wou l d  ma ke i nsta l l at i on a l i g nment c r i t i ca l , 
· the re fo re , d i f f i c u l t . A Hew l ett Pac ka rd 34 06A Samp l i ng Vo l tmete r  was 
u sed for  the  mea s u rements . 
3 . 5  Rece i ve r, Amp I i f  i e rs a n d  F i l te r . 
The rece i ve r  i s  shown i n  F i g u re 3- 1 0  a n d  3- 1 I .  I t  i s  d e s i g ned to 
amp I i f y the  d i f f e rence between the t ransm i tted s i gn a l a n d  t he dop p l er 
f req uency s h i fted s i gna l . Re ferr i ng to Eq uat i on 2-8 , 
s . 
m i n 
= 
p G2 A.2 a 
t 
( 3- 7 ) 
P
t 
i s  0 . 1  watt a n d  A. i s  0 . 6  meter o r  1 . 9 7  feet . The max i mum ra n ge ha s 
been dete rm i ned to be 500 f eet . The ef fect i ve a n ten na  a rea , A , a s  de­
e 
term i ned i n  cha pter two , i s  0 . 5  s q ua re feet . The a rea o f  t h e  w i n dow i n  
the ma i I box i s  0 . 65 sq ua re feet . The ef fect i ve a rea o f  the  a nten na  i s 
l ess than the a rea of  the w i n dow , therefore , the w i n dow w i  I I h ave ne  -
l i g i b l e e f f ect on the e f fect i ve a ntenna a rea . F rom Sect i on 2 - 3  a 
d i po l e  a n te n na w i th a f l at ref l ector one-q ua rter wave l ength · f rom the  
antenna  w i  1 I have a power ga i n  of  four  ( 6  d b ) .  Th i s  cond i t i on i s  
66 
TABLE 3- 1 .  ANTENNA B EAMW I DTH ( 500 MHz ) - NORMA L I ZED V A LU E S .  
Deg rees Vo l tage Norma I i  zed to va l ue at 0 0 
f rom 
Bo res i ght ( 00 ) Le ft of  Bo re s i gh t  R i q ht o f  Bores i 9.b!_  
0 . , 
5 0 . 97 0 . 97 
1 0 0 . 94 0 . 94 
1 5  0 . 9 1 0 . 9 1  
20 0 . 85 0 . 85 
25 0 . 82 0 . 82 
30 0 . 74 0 . 74 
35 0 . 68 0 . 68 
40 0 . 62 0 . 65 
45 0 . 53 0 . 56 
50 0 . 4 1  0 . 50 
55 0 . 38 0 . 4 1 
60 0 . 32 0 . 38 
65 0 . 26 0 . 32 
70 0 . 24 0 . 26 
75 0 . 2 1 0 . 24 
80 o .  1 8  0 .  1 8 
85 0 .  1 6 0 .  1 9  
90 o .  1 6 0 .  1 8  
o. oolµ, f  
�  
1 5tAf J_+ 
I 
F I GURE 3- 1 0 . RECE I V ER . 
I OO K .11-
l.O u f  
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F I GURE 3- 1 I .  FREQUENCY-TO-VO LTAGE CONV ERTER OF D I RECT I ON DETECTOR . 
S K A. 
R 3  
0\ 
CD 
a p p rox i mated w i th the d i po l e  i n  the ma i I box enc l osu re . 
The e f f ect i ve a rea of a n  a utomob i l e for  500 MHz wa s not g i ve n  i n  
a ny of t he . re f e rence s  chec ked . An a p p rox i mat i o n f o r  a wa s obta i ned f rom 
re fe ren ce 2 as fo l l ow s : Fo r a f l at ref l ecto r h a v i ng an a re a  ' A '  
CJ = � 
A 2 
For a f l at re f l ecto r h a v i ng the d i men s i on s  o f  a m i d s i ze a utomob i l e ,  
a p p rox i mate l y  fou r feet b y  f i ve feet , 
0 = 
= 
4Tr ( 2 0 f t  . 2 ) 2 
( 1 . 97 f t ) 2 
2 
1 , 2 95 ft . 
2 
For a sma l I a i rp l a ne a was g i ven  a s  200 ft . . A m i d s i ze a utomob i l e 
wou l d  be expected to f a l I between t hese two va l ues . To b e  con s e rva t i ve 
200 f eet2 wa s u se d . The actua l va l ue of a cou l d  be emper i ca l  l y  dete r-
m i ned f o r  500 MHz . 
S u b st i tu t i ng the a bove va l u es i nto eq uat i on ( 3- 7 ) g i ve s  
s . m i n . I  watt C 4 )
2 ( 1  . 97 ft )





3 ( 500 f t )
4 
= I 0- I 1 watt . 
4 
= 1 , 242 ft - watt . 
C I • 24 ) ( I 0 1 4 > f t  4 
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Fo r a n  a nten na  i mpeda nce o f  50 n, 
( 3-8 ) 
a n d  
then 
ER 
= Ii 0- 1 1  w c som 
= -6 22 . 4 ( 1 0 ) vo l ts 
whe re 
PR 
= rece i ved powe r 
ZA 
= a ntenna i mpedance 
ER 
= vo l tage o f  rece i ved s i g na I • 
From re f e rence ( 1 9 )  a d d i n g two s i g na l s ,  V a n d  V ,  w i  I I not res u l t  c m 
i n  a s i g na l h a v i ng a f req uency equa l to the d i f fe re nce between t h e  o r-
i g i na l  two s i g na l s  u n t i I t h i s  s u m  h a s  p a s sed th ro ug h  a non  I i nea r dev i ce 
such a s  a d i ode . 
A d i ode i s  a non I i nea r dev i ce hav i ng a sq u a re- l aw c h a racte r i st i c .  
I f two s i g na l s  a re a d de d  together a n d  p a s sed th ro u g h  a d i ode the s um w i  I I 
be sq ua red . I t  ca n be s hown mat hema t i ca l l y  that a s i g n a l h a v i ng a 
70 
Fo r a n  a nte n n a  i mpeda nce o f  50 n, 







= E 2; z  R A 
= Ii 0- I I W ( 50Q > 
= -6 22 . 4 ( 1 0 ) vo l ts 
= rece i ved powe r 
= a ntenna i mped a nce 
= vo l tage o f  rece i ved s i gna l . 
( 3- 8 ) 
From re f e rence ( 1 9 ) a d d i n g two s i gna l s , V a n d  V , w i  I I not res u l t  c m 
in a s i g n a l h a v i ng a f req uency eq ua l to the d i f f e re n ce betwee n  the o r-
i g i na l  two s i gna l s  u nt i l th i s  s um h a s  p a s se d  th ro u g h  a non I i ne a r d e v i ce 
s uch a s  a d i ode . 
A d i ode i s  a non l i nea r dev i ce h av i ng a sq u a re- l aw c h a racte r i st i c .  
I f two s i g na l s  a re a d ded toget her a n d  p a s sed th ro u g h  a d i od e  t h e  s um w i 1 r 
be s q ua red . I t  ca n be s hown mathemat i ca l l y  t h a t  a s i g n a l h a v i ng a 
70 
f requency equa l to t he d i f f e rence between the o r i g i na l  two f re q u e n c i es 
p l us seve ra l oth e r f requenc i e s ,  w i  I I res u l t . A f i l te r  ca n t h e n  b e  u s e d  
t o  s e l ect �he s i g na l h a v i n g t h e  des i red f req uency . 
a n d  
Add i ng the s i g na l s  
V = V Cos w t c cm c 
V = V Cos w t 
m mm m 
res u l t s i n  
v = v + v • c m 
Pa s s i ng V t h ro u g h  a d i ode s q u a re- l aw 
v2 = ( V  + v ) 2 
c m 
or 
v2 2 = ( V  Cos w t ) + 2V v 
detector 
Cos w t cm c cm mm c 
A t r i gonomet r i c  expan s i on res u l ts i n  
g i ve s  




v2 cm Cos2 w t + V V Cos (w + w ) t + 2 c cm mm c m 
2 
v V Cos < w - w ) t + cm mm c m 
Proper f i l te r i ng w i  I I res u l t  i n  




+ mm Cos 2 w t 2 m 
( 3-9) 
( 3-10) 
2 Cosw t )  • rnm m 
( 3- 1 I )  
( 3- 1 2 ) 
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Wh i c h i s  the f req uency s h i f t d u e  to the  dop p l e r p h e nomeno n . The  mag-
n i t u de i s  
v v cm mm 
I t  w a s  dete rm i n ed expe r i men ta l l y that t he p h a sed l oc ked l oo p  u se d  a s  a 
f req uency-to-vo I tage con v e rt e r  w i I I not I oc k o n  to a s ·; gna I I e s s  t h a n 
1 0  m i l I i vo l ts i n  amp l i tu de . T h e re f o re ,, the  rece i ve r  m u st p ro v i de a 
m i n i mu m  vo l ta ge ga i n  o f  
Av ( m i n ) · I Omv = vv cm mm 
For 
Vt = v cm 
.#t = z 0 
= /. l w c son > 
= 15 




= vo l ta ge t ra nsm i tted 
pt 
= Powe r t ra n sm i tted 




= v mm 
o f  I i ne . 
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a n d  
Av C m i n ) 
v v cm mm 
= 1 0
- 2  
2 . 2 ( 22 . 4 )  1 0- 6  
= 
= 20 3 
= 49 . 3 C i 0
-6
) vo l ts .  
I n  t h e  t ra n sm i t te r o f  F i g u re 3-5 a l  I l ow f req u e n c i es l ocated o n  t h e  
a n te n n a  s i de o f  c
4 
w i l I be  sho rted t o  g ro u n d
. 
b y L 1 . T h e  t ra n sm i tted a n d  
rece i ved s i g na l s  a re b l oc ke d b y L2 i n  t h e  rece i ve r ,  F i g u re 3- 1 0 . The re­
ce i ve r  i s  con nected to the t ra n sm i tte r ca b l e  on t h e  t ra n sm i tte r s i d e o f  
c
4 
o f  F i g u re 3- 5 t h ro u g h  D 1 a n d  L2 , a s  t he a nten n a  .t ra n sm i s s i o n I i n e i s  
used to s u m  t h e  t ra n sm i tte d a n d  rece i ve d  s i g na l s . D i od e  D 1 p e r f o rm s  t h e 
s q ua r i n g  ope rat· i o n F D ,  t h e  d i f f e re n ce betwee n t h e  t ra n sm i tted a n d  t h e  




a n d  A6 • 
A f i e l d - e f f ect t ra n s i sto r C F ET ) wa s u sed a s  t h e  f i rst sta g e  i n  t h e  
rece i ve r  beca u s e  FETs t y p i ca l l y  ha ve l owe r no i se f i g u re s  t h a n  o p e ra -
t i ona l a m p  I i f i e rs C op a m p s ) . T h e  SN5 460 F E T  u sed a s  A
4 
h a s  a n o i s e f i g ­
u re o f  2 . 0 . T h i s  w i  I I p rov i de a n  i n i t i a l s i g n a l -to- no i se ra t i o  w h i c h 
i s  bette r t ha n  co u l d  be o bta i ne d  w i th a n  op amp . 
A
4 
p rov i de s  a vo l tage ga i n  of 8 , a n d  A S p ro v i de s  a vo l t a g e  g a i n  o f  
42 .  A
S 
i s  a n  RCA 674 1 T l ow - n o i se o p  a m p  w h i c h h a s  a n o i se l eve l  o f  
a bo u t  4 wµ V  re f e rred t o  t h e  i n p u t .  A
6 
i s  a comme rc i a l g ra d e  74 1  o p  a m p . 
I t  h a s a va r i a b l e  res i sto r i n  i t s f eed ba c k  l oo p  w h i c h c a n  va ry t h e  g a i n  
of A
S 
f rom n ea r ze ro to 1 0 . A ma x i mu m  rece i ve r  vo l ta ge g a i n  o f  3 , 360 
73 
i s  pos s i b l e .  The rea son f o r  a ga i n  con t ro l i s  to pe rm i t  a u se r  to se l -
ect a max i mu m  ra n ge most s u i ta b l e  f o r  t he a p p l i cat i on .  O p  a m p s  A 7 a n d  
A8 , o f  f i g u re 3-
1 I a re co n n ected a s  a ba n d pa s s  f i l te r  t o  p a s s  f req u e n ­
c i es f rom 45 H z  t o  1 20 H z  w h i c h co r re s pon d to 30  m p h  a n d  80 mp h re s pect­
i ve l y .  R2 a d j u st s  t h e  ce n te r  f req ue ncy o f  t he f i l te r  w h i l e  R 1  a d j u st s  
i ts ba n d w i dt h . Ta b l e  3-2 s hows t he res u l ts of  test i n g t h e  f i l te r  a n d  
f req uency-to- vo l ta g e  con ve rt e r  outp uts ve rs u s  f req ue n c y . · 
3-6 .  F requency-To-Vo l tage Con ve rte r .  
A p ha sed l oc ked l oop ( PLL ) i s  u sed a s  a · f re q u e n cy to vo l tage co n -
ve rte r .  The a d v a n t a g e  o f  a PLL  i s  that i t  w i  I I l oc k  o nto a s i g n a l w i th 
a sma l I amp l i t u de . A n ot h e r  a d va ntage i s  that a l t ho u g h  t h e  m i n i mu m  de-
tecta b l e  s i g n a l i n p ut i s  1 0  mv rms , the �PL w i  I I l oc k  o n to i t  even i f  
the no i se l e ve l  i s  o f  t he same amp l i t u de . Ag h a s  a va r i a b l e  f ee d bac k 
res i stor ,  R
4
, w h i c h a l  l ows t he PLL outp ut vo l tage to be a mp l i f i ed  to a 
l eve l u s ea b l e  b y  t he s a mp l e  a n d  ho l d  netwo r k .  R4 c a n  be a d j u sted to 
p rov i de vo l tage g a i n s f rom nea r z e ro to 30 . 
Lett i ng the o ut p ut o f  Ag sw i n g negat i ve red uce s t h e  b i a s vo l tage 
on 0 1 0 a n d  Q11 o f  the samp l e  a n d  ho l d  n etwo rk d u r i n g  t h e  ho l d  mod e , 
ca u s i n g t hem to beg i n  con d uct i n g .  T h i s  i s  a vo i ded w h e n  t h e re i s  no s i g � 
na l i n p ut to t he rece i v e r  b y  keep i n g . the out p u t o f  Ag pos i t i ve . d u r i n g 
t h i s  t i me .  To ca l i b ra te R3 a n d  R4 t he i n p ut to t h e  rece i ve r i s  g ro u n d e d  
an d  R3 i s  a d j u sted u n t i
 I the o u t p u t  o f  Ag eq u a l s z e ro vo l t s .  Then , w i t h 
a s i g n a l eq u i va l e nt i n  amp I i t u d e  to the rece i ved s i g n a l expected f o r  t h e  
des i re d  ra n ge ( 22 . 4 µV for 500 feet ) . R4 i s  a d j u sted so t h a t  t h e  o ut p ut 
74 
o f  A9 va r i e s ove r the ra n g e  f rom - 1 0  vo l ts to + 1 0  vo l ts a s  t h e  f re q u e n cy 
o f  the i n p ut s i g n a l i s  cha n ged f rom 4 5  Hz to 94 Hz . 
F rom eq uat i o n ( 2- 4) i t  ca n be seen t h at a ve h i c l e  a p p ro a c h i n g t h e  
ra d a r w i  I I gene rate a n  f l a rge r tha n f t , w h i l e a ve h i c l e  mov i n g dopp l e r x . 
away f rom the ra d a r  w i  I I gen e ra te a n  f d 1 l es s  t h a n  f Tx · The re fo re ,  o p p  e r  
a p p roac h i n g ve h i c l e s w i  I I ca u se FD t o  dec rea se i n  f re q u e n c y  w i t h re s p ect 
to t i  me ( re s u  I t  i ng i n  an i nc rea s i n g P L L  b ut p u t  vo I t a g e ) ,  · w h. i I e reced i n g 
ve h i c l es w i  I I ca u se FD to i n c rea se w i t h t i me ( re s u l t i ng i n  a d ec rea s i n g 
P L L  o ut p ut vo l ta ge ) . The rea so n  f o r  th i s  i s  t h a t  the ve h i c l e ' s  p a t h  
i s  not co i n c i d e n t  w i t h a I i ne f rom t h e  ve h i c l e  t o  t h e  ra d a r s et ; t h e re-
f o re , the ra d i a l· ve l oc i ty ,  and a l so the dop p l e r f req u e nc y , w i  I I b e  a 
f u nct i on o f  t h e  a ct u a l ve l oc i ty a n d  the d i sta n ce betwe e n  t h e  ve h i c l e  
a n d  t he rada r set a s  s hown i n  F i g u re 3- 1 2 . 
The des i re d out p u t  o f  Ag , the re f o re ,  w i l I b e  to d e c rea s e  w i t h i n ­
c rea s i n g f req uency a n d  i n c rease fo r dec rea s i n g f req u e n c i e s a s  s ho w n  i n  
F i g u re 3- 1 3 . T h e  o u t p ut o f  Ag i s  t h e n  p roce s sed b y  t h e  d i rect i on de­
tecto r .  T h e  a c t u a l outp ut vo l tages f o r  A9 a t  va r i o u s  i n p u t f req u e n c i e s 
a re J i sted i n  Ta b l e  3- 2 a n d  a re p l otted i n  F i g u re 3- 1 4 .  
3- 7 . D i rect i on Detecto r .  
I t  i s  des i ra b l e  to h a ve the sy stem l oc k  onto j u st t ho se v e h i c l es 
a p p roac h i n g t h e  r a d a r set not mov i n g away f rom i t .  F i g u re 3- 1 5  i s  a 
s c hemat i c  o f  the samp l e  a n d  ho l d  netwo r k  w h i c h detects t h e  ve h i c l e ' s 
d i rect i on by dete rm i n i n g w h et h e r  the dopp l e r f req uency i s  i n c rea s i ng 






Tran s m it+  e r  
F I GURE 3- 1 2 . RAD I A L V E LOC I TY . 
TABLE 3-2 .  FREQUE NCY I NTO A1 AND CORRESPOND I NG VO LTAGE OUT O F  F I LTER 
AND PHA S ED LOC KED LOOP W I TH V .  EQUA L TO 30 µ V . 
· I n  
Frequency F i  I te r Outp ut A9 Outp ut 
Hz mV v 
2 5  0 . 0  
30 I .  2 
35 I . 0  
40 40 5 . 0  
45 50 t I .  0 T 50 55 9 . 0  Lo c k 
55 6 . 8  Ra n ge 
60 70 4 . 6  
65 2 . 2  
70 1 20 0 . 2  
75 -2 . 0  
80 1 90 -4 . 2 
85 -6 . 4  
90 1 80 - 8 . 6  
94 - 1 0 . 2  
95 -6 . 4  
1 00 1 30 -2 . 2  
I I  0 90 0 . 0  
1 2 0 70 
1 30 60 
1 5 0 30 
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F I GURE 3- 1 5 .  SAMP LE AND HO LD C I RCU I TRY OF D I RECT I ON DETECTOR . 
CD 
0 
i n p ut v ( t ) I 
w i t h i t s pre sent i n p ut v ( t - �t ) , I 
w h i c h a re s eparated 
i n  t i me by �t ,  t he samp l i n g  per i od .  The samp l i n g rate i s  I Hz , t h e re -
f o re ,  �t i · s I secon d .  T h e  samp l i n g t i me i s  6 m i 1 1  i se co n d s . V i n ( t )  i s  
s a mp l ed a n d  h e l d  a s  V ( t ) ' t h e n  a f te r a t i me de l a y e q u a l to � t , V ( t ) I I 
i s  s u b t racted f rom V ( t - [l t )  i n  compa rato r A 1 2 " I f  t he d i f f e re n ce i s  I 
negat i ve ,  i n d i cat i n g v e t ) h a s  the l a rger ma g n i t u de ,  t h e n  t h e  dop p l e r I 
f re q u e n cy i s  i n crea s i ng a n d  the ve h i c l e  i s  mov i n g awa y f rom ·t h e  ra d a r  
set . I f  the d i f f e re n ce i s  pos i t i ve ,  i nd i cat i n g V ( t _ � t ) h a s  t h e  l a rge r  I 
ma g n i t u d e , t h e n  t he do p p l e r f re q u e n cy i s  decre a s i n g a n d  t he v e h i c l e  i s  
mov i n g towa r d s  t h e  ra da r set . A n  o u t p u t  f rom t h e  comp a rato r re s u l ts 
on l y  for t he l atter ca se . 
F i g u re 3- 1 6  s hows the c ha n ge i n  o utp ut vo l t a ge o f  A9 ve rs u s  t i me 
for a ve h i c l e  w i t h con s ta n t  s peed . Mat hemat i ca l l y , t h i s  c a n b e s hown 
by re fer r i n g  to F i g u re 3- 1 2  and a n a l y z i n g t h e  eq ua} i o n 
FD 
= 2 F V R ( 3- 1 3 ) o -
c 
From F i g u re 3- 1 2  
Ta n - I  [Y/ C X0 - X 1 >
] . ( 3- 1 4 } e = 
Fo r  
v = Co n st a n t  
t 
x ,  = V I 2 dt = V C t2 - t 1 > .  
( 3- 1 5 )  
t i 
8 1  
I 
- - , �V ' 1 _c_ 
I A +., � 
t ,  t i_  
Tt'm e 
F I GURE 3- 1 6 . Ag OUTPUT VOLTAGE VERSUS T
I ME FOR 
A CONSTANT V EH I CLE  SPEED . 
82 
8 3  
Let ., 
�t = t I - t o "  
�t ' = t 2 - t I , 
e = Tan- I [Y/ ( X  - V� t u 
a n d  




= 2 F V Cos [Tan  - l C Y  I C X  - VL1t ) )] • 0 
c 
I f  
' 
L1F0 = F - FD D 
then 
il F D 
2F  V Cos Lran- I ( Y/ C X - V�t ) )J = 0 
c 
2 F  V Cos [ran- I C Y/ C X0 - Vilt ' ) )] , _o_ 
c 
rea rra n g i ng 
L1 F0 
2 F  V [cos &an- 1 C Y/ C X0 - Vilt ) � = 0 
c 
- Cos [ran - I C Y/ C X0 - Vilt ' >J] ( 3- 1 6 ) 
w here 
1 . 86 (  1 05 >  m i  I es/sec . 
6 
c = 
= 66 9 • 6 C I 0 mp h ) , 
and 
For V = 
y = 50 f t . , 
x = 500 f t . ,  
0 
· v  = 30 mp h = 44 ft/ sec . , 
ilt ' = I sec . , 
F = 5 C I 08 ) Hz . 
0 
30 mp h ,  x = 500 feet a nd £l t = 0 .  0 
= 2 ( 5 )  1 0




500 f t .  669 . 6 ( 1 0  ) mp h - 4 4  f t/ sec ( O  
[ - If  50 f eet - Cos lTan \§oo ft . - 44 ft/sec ( I 
= 44 . 8  @os ( 5 . 7 1 06 )  - Cos ( 6 . 25 7 4 ) ] 
= 44 . 8 [ 9950 372 - . 9940422 J 
= 44 . 8  ( 9 . 95 ) 1 0-4 
= 0 . 04 5  Hz . 
For V = 30 mp h and X = 200 feet 
0 
= 44 . 8  [fos ( l 4 . 036 ) - Cos ( l 6 . 76 3 )J 
= 4 4 . 8  [. 970 1 425  - . 9575082 J 
= 44 . 8  ( . 0 1 263 ) 
84 
Fo r  V = 
Fo r V = 
= 0 . 566 Hz . 
80 m p h  a n d  x = 500 f eet 
0 
� FD = 44 . 8  [cos [ra n- I (;g0} Co s (ra n- 160�0- 1 1 7))j 
= 44 . 8  [. 995037 - • 99 1 586 J 
= 44 . 8  ( 3 . 45 ) 1 0-3 
= 0 .  1 546 Hz . 
80 mp h a n d  x = 300 f eet 
0 
44 . 8  rCos �a n - I f-50500�\\ - Cos (ra n- I (_ 5o ''] l ( \ ' � l)J \300 - 1 1 7)) 
= 44 . 8  [ 99503 - . 9646{) 
= 44 . 8  ( . 0304 ) 
= I .  36Hz . 
The sma l l e st c h a n g e  i n  vo l tage (� V ) at t h e  o u t p u t  o f  A9 w i  I I be 
f o r  a ve h i c l e  at X = 500 f eet a n d V = 30 mp h .  Th e  s l o p e  o f  t h e  c u rve 0 
i n  F i g u re 3- 1 4  between 45 Hz a n d  94 Hz i s  
-2 1 • 2V S l ope = 49 Hz 
= 0 . 433 V/Hz . 
F rom p rev i o u s  ca l c u l at i on s  
�FD 
= 0 . 045 Hz , 
85 
The re f o re ,  
v = ( -0 . 433 V
/ Hz } ( 0 . 045Hz } 
= 1 9 . 5 mv c 
Us i ng s u f f i c i en t  ca re to s u p p re s s  the rece i ve r  n o i s e  l eve l a n d  m i n i m i z e 
t h e  i n p ut-o f f set vo l t a g e  of A9 , a vo l tag� c h a n g e  t h i s  srna l I ca n be de­
tected b y  t he vo l tage comp a rato r  A 1 2 . The negat i ve i n p u t  to t he comp a r­
ato r m u st be b i a sed s l i g ht l y  a bove g ro u n d  so f o r  n o n - s i g n a l i n p u t  t h e  
compa rato r o ut p ut w i  I I be negat i ve .  
Exam i n i n g F i g u re 3- 1 4  i t  ca n be seen t h a t  fo r reced i n g ve h i c l es 
· c F0 i nc re a s i n g }  a pos i t i ve vo l tage c h a n ge ca u s i n g a f a l se i n d i ca t i o n 
w i l I ha p pe n  f o r  two co n d i t i on s .  When t he s y st em l oc ks o n to a ve h i c l e  
mov i n g l es s  t h a n  4 7  mp h ( 70 Hz ) a pos i t i ve vo l tage c h a n ge i s  p re s e n t  a t  
t h e  i n p ut o f  t he d i rect i o n detecto r .  A l so , w h e n  a ve h i c l e  i � mov i ng 
f aste r t h a n  4 7  m p h  a pos i t i ve vo l tage c h a n ge i s  ma de w h e n  t h e  s y stem 
f a  I I s  out of I oc k .  
A so l ut i on to t h i s  p rob l em i s  p resented i n  F i g u re 3- 1 7 .  A n  o u tp u+ 
i s d e s i red o n l y i f  the fo l l ow i n g t h ree con d i t i o n s  a re met . 
1 .  A s i g na l h a v i ng a ma g n i t u d e  g rea t e r  t ha n  some p re de te r -
m i ne d va l ue i s  p resent at the i n p ut o f  the P L L .  
2 .  The o ut p ut of  A9 i s  i nc re
a s i n g i n  a pos i ( i ve d i rec t i on 
i n d i cat i n g  F0 i s  dec rea s i n g .  
3 . The i n p ut s i g na l h a s  a f req ue ncy between
 45 H z  a n d  9 4  Hz . 
Con d i t i on I i s  met by samp l i n g t he i n p ut s i g n a l t
o t h e  P L L ,  amp I i ­
f y i n g  i t  a n d  i n p ut i n g i t  to a n  a n a l og compa rato r t h r
o ug h a d i od e  
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rect i f i e r a n d  c a pa c i to r  f i l te r  i n  t he t i me r .  A res i sto r p a ra I l e t  i n g t h e  
ca pac i to r  con t ro l s  i t s rate o f  d i scha rge s o  t h a t  th e re i s  s u f f i c i en t  
t i me f o r  dec i s i on s  t o  be ma de a bo ut con d i· t i o n s  2 a n d  3 .  T h e  g a i n  o f  
A
1 3 a n d V re f o f  A 1 4  a re set so that the P L L  w i  I I l oc k  i n  o n  t h e  s i g n a l 
be f o re A 1 4  w i  I I respo n d . 
Con d i t i on 2 i s  met by the d i rect i on detecto r .  Con d i t i on 3 i s  met 
by co u nt i n g t he n um b e r  o f  p u l ses f rom a 1 500 Hz c l oc k  for a · t i me p e r i od 
eq u a l to one ha l f  the pe r i od of the i n p ut s i g n a l to t h e  P L L .  T h e  s i g n a l 
i s  t a ke n  f rom t h e  outp ut of A 1 3 a n d  amp I i f i ed b y  A 1 5 • .  T h e  g a i n  o f  A 1 5 
i s  s u f f i c i e nt to c l i p  t h e s i g na l a n d  p rod uce a sq u a re w a ve o u tp u i . 
When t h i s  s i g na l goe s h i g h  t he S N74 LS l 96 cou nte r i s  e n a b l e d , w h i c h t h e n  
cou nt s  t he N E  5 5 5  c l oc k  p u l ses . When t h e  P L L  goe s l ow ,  t h e  co u n te r s to p s  
cou nt i n g  a n d  a n  SN74 L l 2 1  monost a b l e  mu l t i v i b rator e n a b l e s t he S N 7 4 L 7 5  
l atc h s h i f t i n g t he i n p u t  o f  t h e  l atch to t h e  ou t p ut .  Wh e n  t h e  mu l t i ­
v i b rato r goe s l ow a seco n d  mu l t i v i b ra to r send s a p u l se t h ro u g h  a n  i n -
ve rte r to c l ea r  t he co u nte r . 
I f  t h e  co u n te r of the l a tch i s  between 8 a n d  1 5  i n c l u s i ve t he o u t-
p ut o f  t h e  74 L508 goes h i g h .  Cond i t i on s  I ,  2 a n d  3 a re AND
' e d  i n  a n  
SN74 1 2  NANO gate w h i c h cont ro l s  the c i rc u i t ry f o r  I i g ht i n g t he i n d i ­
cato r . I f  a l  I con d i t i on s  a re h i g h t he outp ut o f  the 74 1 2  goe s l ow .  
F i g u re 3- 1 8  i s  a t i m i n g d i a g ram f o r  F i g u re 3- 1 7 . De l a y  t i me s  
- a re not s hown b u t t hey a re s i g n i f i ca nt a n d  must b e  con s i de re d
. 
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CHAPTER I V  
I ND I CATOR 
4- 1 .  I n d i ca to r  Ope ra t i o n .  
When the out p u t vo l tage o f  t h e  d i rect i on d etecto r goes l ow c a p a c i to r  
c 1 o f  F i g u re 4 - 1 d i scha rge s ca u s i n g A 1 a n d  A2 to con d uct . A 2 acts a s  
a sw i tc h  fo r t h e  osc i I l a tor w h i ch sen d s  a 1 0  KHz s i gn a l o n to t he a -c 
powe r I i ne to t h e  i n d i cato r  t u rn i n g i t  on . R 1 , R2 a nd l b o f  A 1 con t ro l 
the c h a rge t i me of c 1 so t hat the i n d i ca to r  r�ma i n s on f o r  f i ve seco n d s  
a fte r t h e  ve h i c l e  h a s  p a ssed t he t ra n sm i tte r .  
F i g u re 4-2 i s  t he c i rc u i t ry a t  t h e  i n d i cator . The 1 0  KHz s i g n a l 
i s f i l te red a n d  amp I i f i e d by a n  act i ve f i l te r  w h i c h· a ct i vate s  a p hoto 
t ra n s i ste r .  The t ra n s i ste r t u r n s  o n  a t r i ac a n d  I i g h ts t h e  i n d i ca 7o r .  
The z e ro c ro s s i n g detecto r  on l y  t u rn s  o n  t h e  t r i ac w h e n  t h e  6 0  Hz vo l tage 
c rosses t he z e ro a x i s  ( 2 1 ) .  Th i s  p reve n t s  l a rge c u r rent s u rg e s  w h i ch 
wou l d  ca u se no i se rad i at i on ( EM I ) .  
A n  i so l at i on t ra n s fo rme r i s  n eeded betwee n the comme rc i a l I i n e a n d  
th e I i ne feed i n g t h e  sy stem to p reven t t he 1 0  KHz f rom e n te r i n g  t he 
ma i n I i ne .  F i l te r s  between the 1 0  KHz osc i I l a to r at t he t ra n s m i tte r 
a n d  the a -c powe r I i ne a n d  betwee n t h e  1 0  KHz rece i ve r  a t  t he i n d i ca to r 
a nd th e  a - c  powe r I i ne a re needed to p rotect t h em f rom 60 Hz a n d  I i n e 
t ra n s i e n t s . 
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C HAPTER V 
SUMMARY 
The p rob l em of t ra f f i c  ha z a rd s  o b sc u r i n g a moto ri s t ' s  v i ew at i nte r­
sect i on s  does not h a ve to be accep ted as " too expen s i ve to c o r re ct " . A 
sma l I dop p l e r r a d a r set c a n  be p l aced on t h e  s i de o f  t h e  o b stac l e  a w a y  
f rom t h e  i nte rsect i on t o  detect on-com i ng ve h i c I es  a n d  I ·i g h.t a n  i n d i ca­
to r l ocated at t h e  i nter s ect i on .  Th� set wo u l d  h a ve to meet state a n d  
Fed e ra l re g u l a t i on s  a n d  a I i cense fo r i ts u se i s  n ee d ed . 
Th e u se o f  t h i s  s y stem w i  I I be p r i ma r i l y  on r u ra l roa d w a y s  w h e re 
h i g h veh i c l e  s p eed s ,  h i t I s , cu rves a n d  u ncon t ro l l ed i nte r s ect i o n s  ex i st .  
P r i vate i n d i v i d ua l s  h a v i n g t he i r d r i veways ex i t  a s h o rt d i sta nce f rom 
t h e  c rest of a h i  I I wou l d  i n c rease th e i r  sa fety by u s i n g t h e  sy stem . 
The d e s i g n ed s y stem w i �  I ope rate cont i n uo u s l y-o n - d ema n d  at 5 00 MHz , 
0 . 1 watt a n d  h a ve a ra n ge o f  a bo ut 500 f eet . I t  i s  b a tte ry o p e rated , 
+/- 1 2  vo l t s a n d  +/- 6 vo l t s ,  w i t h a n  a -c ope rated c h a rg i n g system . 
The t ra n sm i tte r a n d  rece i ve r  e l ect ron i c s ca n be l ocate d i n  t h e  s a me 
enc l os u re a s  the a nten n a , w h i c h ca n be a sta n da rd r u ra l ma i I box o r  a 
meta l enc l o s u re h a v i n g s i m i l a r d i men s i on s .  I t  i s  mo re con ve n i e n t  to 
ho use the b a tte r i e s i n  a s e p a rate con ta i n e r .  At 500 MHz t h e  ma i I box 
enc l o s u re has c ha racte r i st i cs s i m i l a r to t hose of a f l at re f l ecto r . 
Test re s u l t s s how t h a t  a good symmet r i ca l p atte r n  ! s  p ro d uce d . 
On l y  veh i c l e s h a v i n g a ra d i a l  ve l oc i ty g reate r t h a n  30 mp h a n d  
a p p roach i ng t h e  t ra n sm i tte r w i l I b e  detected . Th i s  e l i m i n a te s  a n y  am­
b i g u i ty t h a t  wo u l d  ot h e rw i se ex i st .  
9 3  
The c r i t i ca l  d es i g n a s pects o f  t he rece i ve r  we re b u i I t  a n d  tested . 
The t ra n sm i tte r a n d powe r s u p p l y  we re de s i g ned . The i n d i ca to r  i s  a 
stra i g ht forwa r d  d e s i g n u s i n g o rd i na ry c i rc u i t ry a s  f o u n d  i n  h a n d boo ks . 
The test s on t h e  rece i ve r  s how that i t p e r f o rmed � s  t he d e s i gn i n ten d e d . 
The o ut p ut o f  a s i ne wave gene rato r w a s  a tten u ated w i t h a r e s i s to r  d i v­
i de r  netwo r k  to 30 µ v  a n d  co u p l ed i nto the rece i ve r .  T h e  o u t p u t  o f  t h e  
samp l e- a n d - ho l d  compa rato r  w a s  mo n i to red w i th a vo l tmete r .  W i t h i n  t h e  
ra n ge f rom 45 Hz t o  94 Hz dec rea s i ng f req uenc i e s w e re d etected w h i l e 
i nc rea s i n g f req u e n c i e s we re not . Due to t h e . I i m i ted ·ra n ge o f  t he pa r­
t i c u l a r P LL u sed f o r  t he f req ue n cy to vo l tage con ve rte r ,  ve h i c l es t ra v-
e l  l i ng f a ste r t h a n  6 3  mp h ,  8 mp h ove r t h e  s p eed I i m i t ,  w i  I I not be de­
tected as e a r l y as s l m<1e r mov i ng ve h i c l es .  Veh i c l es· mov i n g 80 mp h w i  1 1  
not be detecte d u n t i l they a re 6 3  f eet f rom t h e  + ra n sm i tte r . Th e s e 
p rob l em s  ca n be e l i m i n ate d b y  p l a c i n g t h e  t ra n s m i tte r f u rt h·e r  f rom the i n ­
d i cato r  w h i c h w i  I I p rov i de e a r l i e r detect i o n .  
I f  a comp l ete sy s tem we re con s t r ucted t h e re wou l d  p ro b a b l y  be a few 
re f i nement s nece s s a ry i n  t h e  des i g n ,  howeve r ,  t he a ut ho r  i s  con f i d e n t  
that the s y stem w i  I I pe r f o rm a deq uate l y  a s  a l  I c r i t i ca l  c i rc u i t ry h a s  
bee n d a s i g ned , b re�d boa rded a n d  teste d . 
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